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ABSTRACT
The work presented herein focuses on the synthesis and characterization of polycyclic aromatic
compounds for a wide variety of toxicological, analytical, and electronic applications. First, the
modular synthesis of 12 dibenzo- and naphtho- fluoranthene polycyclic aromatic hydrocarbons
(PAHs) via a Pd-catalyzed five-membered ring closing procedure is discussed. By understanding
the various modes through which the Pd migrates during transformation, structural
rearrangements were bypassed, obtaining regioselectivity through various redesigns in the
synthetic route. Each compound in the serious was rigorously characterized via 1D/2D NMR,
absorption and emission spectroscopy as well as cyclic voltammetry, which shows vast
differences due to small structural changes between these constitutional isomers. Next, a series
of polyphenylated organic ligands for zirconium metal organic frameworks is presented as
materials for post-synthetic Scholl cyclodehydrogenation. Lastly, a series of organic linkers
featuring covalently anchored redox-active pendants is explored for tuneable redox activity in Zrbased metal-organic frameworks. Thin-films were grown onto fluorine-doped tin-oxide glass
electrodes and analyzed by cyclic voltammetry. This is the first reported pre-synthetic
incorporation of covalently-bound ferrocenyl pendants into such a system. By attenuating the
proportions of redox active and inactive links the oxidative peak currents could be tuned. This
body of work represents a contribution toward the practical design and synthesis of polycyclic
aromatic for a wide variety of analytical and electrochemical applications.
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CHAPTER 1:
ENVIRONMENTAL IMPACT AND MATERIAL
APPLICATIONS OF POLYCYLIC AROMATICS
Polycyclic aromatic hydrocarbons (PAHs) can be broadly classified as chemical or
compounds featuring two or more fused benzenoid rings. They are natural components of crude
oil, coal tar, and many other petrochemical products, usually occurring as 2 and 3 ring
manifestations such as naphthalene, phenanthrene, and anthracene. PAHs with 4 or more rings
occur most often as byproducts from the incomplete combustion of aliphatic hydrocarbons, coal,
natural gas, charcoal, and wood.1 As the number of rings increases so too does the number of
potential structural configurations, often making the mixture of PAHs from such sources quite
complex.2 The distribution of aromatics from combustion acts as a sort of “fingerprint” in identifying
its source, as the variety of compounds from a forest fire differs from that of a volcano, or exhaust
from a smokestack.3 The metabolism of PAHs within biological systems often results in a number
of genotoxic, carcinogenic, and mutagenic effects.4 As such, their characterization and monitoring
in environmental and industrial systems is of the utmost importance.5
Unlike other man-made environmental pollutants, PAH exposure pre-dates the industrial
revolution, as they can be found from any process that involves the burning of organic matter. 6
18th century doctors noted the unusually high incidence of specific cancers among chimney
sweeps.7 Coal factory workers were found to have higher incidences of lung cancer and heart
disease.8 Early 20th century scientists in Japan induced tumor growth by applying coal tar to the
ears of rabbits.9 Indeed, many of us have either knowingly or unknowingly been the subject of
PAH exposure by the consumption of tobacco products,10 respiration of automobile fumes,11 or
the ingestion of smoked meats.12

1

Figure 1-1 Structure and names of the 16 PAHs monitored by the EPA.16

2

The structural diversity of PAHs as a family of compounds unsurprisingly adds complexity
towards the understanding of the effects of specific isomers towards environmental harm.13 Each
individual PAHs features unique metabolic pathways, many of which are amenable towards
natural processes of remediation and excretion.14 As such, deleterious properties originating from
specific industrial or natural PAH sources may stem from a low abundance of highly toxic
compounds.15 Since the Clean Water Act of 1970, the EPA has published a list 16 PAHs to be
environmentally monitored, their structure and names can be found in Figure 1-1.16
By far, the most commonly used example of PAH carcinogenic activity is the study of
benzo[a]pyrene (b[a]p).17 The separation and analysis of coal tar into its chemically pure
constituents found b[a]p to be of exceptional activity in regard to tumor growth.18-19 Since then,
b[a]p has been the subject of a plethora of scientific studies involving its mutagenic and genotoxic
effects in fish, mice20, rabbits21, humans22, algae23, and bacteria24, among others. Its metabolic
pathways are numerous, but a representative example of a particularly harmful byproduct is the
formation of diol epoxides around the bay region.25-27 Upon exposure to the protein CY450 b[a]p
undergoes a multistep transformation into (+) 7R,8S-dihydro-9S,10R-epoxide benzo[a]pyrene
1-2).28

(Figure

Figure 1-2 Process of benzo[a]pyrene epoxidation and nucleic acid substitution.27-28

3

Figure 1-3 Three MW = 302 PAHs with higher toxicities than benzo[a]pyrene, but are not featured on
the EPA’s list of compounds to be monitored.32

The epoxide moiety can then be substituted by nucleophilic attack from the amine portion of a
free floating nucleic acid, such as guanine.29 From there, the nucleic acid-bound PAH incorporates
itself into DNA sequences, which has the potential to induce carcinogenesis if left unrepaired. 27,
30

The specific activity of b[a]p is due to a combination of factors including its susceptibility
towards epoxidation around its bay region along with its large lipophilic structure.27, 31 There are
however numerous other PAHs that feature higher toxicities. Grimmer et al. studied the various
components featured in automobile exhaust and while approximately 80% of the carcinogenic
activity therein was attributed to the fraction that contained PAHs, only 2% of that activity could
be correlated to b[a]p.32 PAHs with larger molecular weights such as dibenzo[a,e]pyrene,
dibenzo[a,i]pyrene, and dibenzo[a,h]pyrene (Figure 1-3) were all found to have higher toxicities,
and yet despite this are not feature among the EPA’s list.33 This is compounded, again, by the
previously mentioned difficulty in identifying specific isomers among the possible iterations within
a group of compounds with identical molecular weights. The complexities of this research
underscores the necessity of applying advanced analytical techniques whose goal is geared

4

towards the identification of low abundance but highly toxic PAHs in real samples.34
For small PAHs, those with three fused rings or less, separation is simplified by the
application of gas chromatography (GC).35 This is possible due to the moderate volatility of low
molecular weight aromatics, however as the number of rings approaches four fused rings or
larger, the volatility and relative separating power of GC substantially decreases, requiring the
application of high-performance liquid chromatography (HPLC).36 HPLC can effectively separate
PAHs according to ring size, however the identification of specific compounds among a family of
structural isomers is hampered by the most commonly applied method of detection, mass
spectrometry (MS).37 MS is effective at identifying families of structural isomers, but cannot
distinguish individual compounds among these isomer groups, requiring the application of
alternative detection methods.38
The limitations of mass spectrometry in identifying specific PAHs isomers can be
compensated by analysis based on their excitation/emission spectra.39 A characteristic of PAHs
is that each compound yields unique spectral features and can therefore be utilized to identify
individual components when used in concert with HPLC.40 In Shp’olskii spectroscopy, PAH
mixtures are separated into fractions via HPLC, they are then diluted in n-alkanes and cooled to
extremely low temperatures forming what is called Shp’olskii matrix. 41 The cryogenic state of the
analyte prevents line-broadening effects that are present in room temperature analyses, resulting
in highly resolved and unique spectra. Upon comparison to the fluorescence spectra of analytical
standards, specific PAHs can be identified, even if they co-elute with HPLC. Figure 1-4 shows the
room temperature and 4 K spectra in n-octane of four HMW PAHs, underlining this difference.42
Although this can be incredibly effective at identification in complex mixtures, it requires the
isomer being analyzed to have been isolated and standardized prior to identification.

5

Figure 1-4 Room temperature and 4 Kelvin emission spectra of various HMW PAHs. 41 Copyright
Elsvier 2016.

Additionally, this method cannot give any information regarding the toxic effects of the
distinguished compound, furthering need for the purification of analytical samples.

1.1

Benzene, Polycyclics, and Aromaticity

The structure of the simplest aromatic compound, benzene, is characterized by its
conjugated planar structure and highly stable ring system. When compared to the slightly larger
cyclooctatetraene (COT), a marked difference in both its physical shape and chemical stability is
notable. The structure of COT is not planar but is bent into a boat-like configuration.43 The
implication is that despite the presence of alternating double bonds that would normally indicate
a conjugated π-system, the π-electrons with COT have an aversion towards the sharing of their
electron density, resulting in low chemical stability.44 This fundamental difference between
benzene and COT is the most basic and commonly used example of the phenomena of
aromaticity, where benzene is referred to as aromatic, COT is anti-aromatic. With respect to
6

observable difference in stabilities between cyclic compounds with alternating double bonds was
developed Hückel’s rule of aromaticity. This rule stated that cyclic compounds with alternating
double bonds that contain 2n + 2 π-electrons are endowed with additional stability and a flat
planar structure, while those with 2n π-electrons were unstable and avoided planar
configurations.45 As such, aromaticity is most closely associated with the presence of cyclic
conjugation among a series of bonded or fused 6-membered rings.46 While as a rule, this is not
strictly true, as there are numerous ring systems of various sizes that feature aromatic properties,
the 6-membered ring is by far the most predominant motif among aromatic chemistry.47
Compounds featuring more than one fused aromatic rings are referred to as “polycyclic” and have
a prominent place in modern science and the natural world.
The Hückel number is a useful tool for predicting aromatic stabilization in monocyclic
systems but becomes less and less relevant as the number of fused rings increases. Not all
aromatics share the same level of stability, the most simple example of which can be observed in
the comparison of benzene and naphthalene.48 Both satisfy the Hückel 2π + 2 rule and both are
aromatic, yet naphthalene can experience several chemical transformations whose experimental
conditions would not work for benzene. Naphthalene sulfonates in H2SO449 and oxidized in CrO3,50
both at room temperature, while benzene does not (Figure 1-5). Additionally, phenylithium readily
deprotonates naphthalene to form naphthylithium and benzene as a result of the increased
thermodynamic stability of benzene over naphthalene.51 So, while the Hückel’s rule can predict
aromaticity in simple ring systems, it cannot predict the degree of aromatic stabilization in
polycyclics.52 Additionally, fused ring systems of three or more may not follow the trend of the
Hückel number as can be seen in the structural isomers fluoranthene and pyrene (Figure 1-6),
both of which contain 16π electrons and yet both are aromatic compounds.53
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1.1.1 Clar’s Rule and Aromatic Reactivity
Erich Clar is the undisputed “father” of the PAH field. His two-volume compendium titled
Polycyclic Hydrocarbons describes the synthesis, isolation, and characterization of hundreds of
aromatic structures, all before the mass proliferation of nuclear magnetic resonance, the current
gold standard for organic characterization.54 In another work titled The Aromatic Sextet he outlines
what he refers to as “sextet theory” but is more commonly referred to as Clar’s rule.55
The precepts of sextet theory, like the Hückel number, are simple. It states that when
drawing the Lewis-Kekule structure of polycyclic aromatics, the presence of un-conjoined πsextets (pairs of six electrons in a ring), referred to as benzenoids, can predict the relative
reactivity of various aromatic systems or atomistic positions within those systems. When applied
to the discrepancies found between the decreased resonance energy of naphthalene when
compared to benzene, the differences can be observed more clearly. The Clar structure of both
naphthalene and benzene feature a single benzenoid (Figure 1-7), but the naphthalene example
features two isolated double bonds, implying a greater degree of electron localization.
Accordingly, many reactions that de-aromatize one ring of naphthalene are much more difficult to
replicate when re-subjected to the second. Figure 1-7 shows the step-wise hydrogenation of
naphthalene to tetralin and decalin. Tetralin can be formed with H2 gas at 1 atm and RhCl3 as a
catalyst at slightly above room temperature (30 °C).56 The subsequent reduction of tetralin to
decalin requires much harsher conditions due to the additional resonance energy provided by the
remaining benzenoid.57
Clar’s rule can similarly be applied to anthracene and phenanthrene (Figure 1-8), although
a

few

qualifications
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are

required.

Figure 1-5 Differences in reactivity for benzene and naphthalene48-49

Figure 1-6 Structure and π electrons of PAHs that contradict the Huckel number. 52

Figure 1-7 Clar structures of benzene and naphthalene and piecewise hydrogenation of naphthalene
to tetralin to decalin. The second reduction requires much more energy to de-aromatize the one
benzenoid ring.55-56
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Figure 1-8 Clar structures of phenanthrene and anthracene.

Phenanthrene features two benzenoids along the outer rings and an isolated double bond along
the 9,10 positions, implicating those two carbons as being the most reactive sites. Indeed, this is
what is observed as it was found that phenanthrene undergoes bromination similar to that of a
standard olefin.58 Anthracene features what is referred to as a “migrating sextet” denoted by the
arrow drawn across the structure originating from the Robinson circle denoting a benzenoid
moiety. The presence of the migrating sextet makes predicting the most reactive site much less
straightforward. However, the proclivity of anthracene to undergo transformations along the
central 9, 10 positions can be rationalized by the formation of two isolated benzenoids from one
migrating-sextets in either the products or intermediates.59
Compounds with Clar structures that feature only localized sextets and “empty” rings are
referred to as “fully benzenoid” and as such feature the most aromatic-like character.60 The
smallest of these are benzene, triphenylene, and dibenzo[gh,op]naphthacene (Figure 1-9).
Triphenylene, as an example, has properties that are unique when compared to its four other
structural isomers as it features the largest HOMO-LUMO gap, ionization potential, and chemical
stability.59, 61 This additional stability in conjunction with their proclivity towards intermolecular
stacking (see section 1.4) makes fully benzenoid species particularly appealing with respect to
material

applications.
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Figure 1-9 Clar structures of the three smallest fully benzenoid aromatic compounds. 59

Triphenylene derivatives have been incorporated into devices such as organic field effect
transistors, photovoltaics, and light-emitting diodes.61
Outside of predictions based on Clar-structures are a number of additional features based
on intramolecular sterics that affect reactivity, toxicity, as well as electronic properties of PAHs. In
order to properly convey their importance however, issues of classification and nomenclature will
have to be addressed.

1.1.2 Nomenclature, Intramolecular Sterics, and Structural Classifications
When naming individual substituents on aromatic compounds the convention is to identify
the “parent compound” (usually the largest conventionally-named ring system), number the
carbons according to IUPAC guidelines, and attach the prefix relative to its position at the
beginning.62 This can be observed in Figure 1-10, where the numbering convention for
naphthalene

and

structure

of

1,8
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diiodonapthalene

can

be

found.

Figure 1-10 Numbering convention of naphthalene and nomenclature for individual substituents.61

This becomes more complicated when referring to fused aromatic substructures that span
multiple carbons such as benzo- and naphtho- groups.62 For incidences such as these, each
parent compound is given a “face-letter” assignment. Rather than use numbers that represent
individual carbon positions, each face of the parent is given an italicized letter to signify that the
aromatic subgroup is positioned along that edge. The a side is between carbons 1 and 2, b
between 2 and 3, and so forth62-63.
For benzo- groups this is simple as can be seen in Figure 1-11 where the naming
convention of benzo[a]pyrene is emphasized. Naphtho- groups differ in that they have both face
letter classifications as well as numbering that indicates the specific position of the naphtho group
relative to the parent.64 Due to the symmetry of naphthalene the positions are usually 1,2; 2,1; or
2,3. Differences between 1,2 and 2,1 are related to which naphtho position comes first when
progressing around the ring in alphabetical order. Figure 1-12 shows the numbering convention
for naphthalene as well as the structures for naphtho[1,2-a]pyrene, naphtho[2,1-a]pyrene, and
naphtho[2,3-a]pyrene.62-63
Naphtho- and benzo- groups are unique in the fact that they do not signify a substituent
of a specific size, they only designate that there is an additional aromatic group along the face or
faces

of

the

parent
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compound.

Figure 1-11 Numbering, side lettering conventions for pyrene. Structures and names of benzo- and
dibenzo pyrenes.

Figure 1-12 Numbering of naphthalene, side lettering of pyrene, structures and names of naphthopyrenes. Colors indicate naphthalene number positions relative to the pyrene parent ring.
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An example of this can be observed in the structure of benzo[ghi]perylene and benzo[b]perylene
(Figure 1-13). Where, in the first example, the face letters ghi represent that the benzo group
shares the g, h, and i faces simultaneously, the second only shares the b face with the parent
perylene. So, while both compounds feature one benzo- group on a perylene, the first signifies
an additional two carbons, while the second signifies the addition of four.62, 64
The naming conventions for PAHs become increasingly complex with the number of fused
ring systems involved. This results in many compounds having multiple names attributed as their
parent structures overlap. Examples of this can be observed in Figure 1-14, where naphtho[2,3e]pyrene can also be referred to as dibenzo[de,qr]tetracene, depending on the choice of parent
structure. Many times, this overlap is due to incorrect classification on the side of the researchers,
but in many other cases even the official IUPAC designation has multiple names associated with
a single structure.62
Independent from issues of naming, are structural features that are common among
PAHs. When looking at the two constitutional isomers phenanthrene and anthracene, they are
marked by differences in their solubility and thermal properties. Phenanthrene has a lower melting
point and is much more soluble in both water and organic solvents than anthracene, while this is
partly due to the differences in their symmetry, much can be attributed to the presence of
phenanthrenes bay substructure. The Lewis-Kekule structure of phenanthrene shows it as
completely flat, however this is just a 2-dimensional projection and does not properly convey its
manifestation in 3-dimensions. In actuality, the two hydrogens pointed at one another within the
bay are encroaching upon one another’s space, causing a slight “twist” in the overall ring system.64
This “twist” conflicts with the commonly held belief that all aromatic compounds must be flat in
order

to

be

classified
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as

such.

Figure 1-13 Structure and molecular weight of two benzo- perylenes. The benzo- designation does
not come with a pre-set molecular weight and depends on the face edge connectivity. 61, 63

Figure 1-14 Two naming conventions for the same compound with the chosen parent structure
bolded.61

Figure 1-15 Intramolecular steric features in PAHs.64
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The truth is that many aromatics feature structural deformations due to intramolecular sterics.
More extreme forms of these can be seen in structures with coves or fjords. 64 Figure 1-15 shows
the structures of phenanthrene, benzo[c]phenanthrene, and dibenzo[c,g]phenanthrene with
their bay, cove, and fjord structures highlighted. With regards to PAH environmental hazards, they
are often used as indicators of a compounds carcinogenic effects as seen in the diol epoxide of
benzo[a]pyrene, as mentioned previously.65 Other classifications of substructure refer to the edge
shape of various PAHs such as zig-zag, or arm-chair peripheries, designated in the nomenclature
by the prefix peri- or cata-, respectively.64 These are mostly relevant to the study of graphene
nanoribbons and hexabenzocoronenes and will be discussed in greater detail further on.

1.2

Synthesis of PAHs

Since their discovery in coal tar at the start of the 20th century19, the isolation of PAHs via
synthetic means has been fervently investigated[]. Developments from Scholl66-68, Haworth69-72,
Clar73-80, and others81 have created a rich foundation of procedures which have been
incrementally improved during the intervening century.82 Early PAH synthesis often included the
application of harsh reaction conditions, overly convoluted synthetic pathways, give mixtures of
products or low yields[]. Within the last few decades however, have been efforts towards utilizing
milder, more regioselective ring-closing procedures, either by virtue of the method used or the
carful design of the relevant starting materials.83 Of these many examples, the three most relevant
towards the targeted synthesis of PAHs are the Diels-Alder, the Scholl, and the metal-catalyzed
C-H arylation.

1.2.1 Diels-Alder Cycloaddition
Also referred to as a [4+2] cycloaddition, the Diels-Alder84-90 is a classically taught method of C-C
ring synthesis and has applications well outside of PAHs.91 It describes the cyclic bond formation
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between the 4π electrons of a diene compound with the 2π electrons of a “dienophile” (Figure 116). The advantages of this method are due to its lack of reliance on catalysts or reagents to
facilitate the transformation, proceeding with relatively high regioselectivity. 92 Additionally, it
requires relatively high concentrations to proceed, minimizing the need for much solvent. Its
original iterations involved the creation of a hexene derivative which could subsequently
aromatized, but the introduction of carboxy leaving groups and in-situ formed arynes have made
it an effective method of direct aromatic ring construction.93
Early examples of its application by Davies94 and Clar95 for the formation of chrysene,
benzo[ghi]perylene, and coronene (Figure 1-16). In the first example the [4+2] cycloaddition was
used in the formation of the “zig-zag” carbon skeleton featuring four fused rings with a terminal
benzoquinone. Subsequent reduction/aromatization with LAH yields the desired chrysene. The
second two feature the consecutive addition of maleic anhydride to perylene. It was found that a
single [4+2] with dienophile maleic anhydride in the bay region of perylene formed an intermediate
that could be hydrolyzed for the formation of benzo[ghi]perylene. The process could be repeated
with this product to form coronene.

1.2.2 The Scholl Reaction
Named for the Swiss chemist Roland Scholl whose initial findings involved the
intermolecular coupling of naphthalene to form perylene in the presence of the Lewis acid reagent
AlCl3.66-68 This process yielded less than 1% yield for perylene and what was most likely, a
complex mixture of side products. The reaction can theoretically fuse any two aromatic systems,
provided they are present in sufficient concentrations to enable their encountering one another in
the reaction mixture. For intermolecular bond formation, this is problematic, as any targeted
compounds

will

likely

result

in

a
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number

of

random

side

products.

Figure 1-16 a. Generic Diels Alder cycloaddition b. synthesis of chrysene 91 b. synthesis of
benzo[ghi]perylene c. synthesis of coronene93
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Figure 1-17 Intermolecular Scholl reactions a) synthesis of perylene from naphthalene b) synthesis of
hexamethyltriphenylene from veratrole.65, 96

Intermolecular reactions can however be efficiently achieved by substitution of aromatic activating
groups such as aryl ethers as seen by the Scholl formation of hexamethyl triphenylene from
veratrole with a 97% yield (Figure 1-17). The electron donating properties of the aryl ethers causes
the specific activation of the para aromatic carbons, enabling the reaction with one another.
Additionally, the methoxy ethers act as protecting groups, preventing the creation of undesired
oligomers.96
Although its intermolecular applications have been limited due to its lack of selectivity, the
Scholl has been used extensively for intramolecular cyclizations.97 A commonly used example of
such a transformation is the formation of triphenylene from 1,2-diphenylbenzene (Figure 1-18).
Given that the two phenyl rings in the substrate are forced within proximity, the probability of them
encountering one another is constant, and by reducing the concentration of the reaction mixture
with respect to the substrate the chance of intermolecular interactions are lessened, reducing the
presence of unwanted intermolecular couplings, though in the case of triphenylene formation sideproducts

can

still
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be

observed.98

Figure 1-18 Intramolecular cyclodehydrogenation products of triphenylene.96

This often requires applications of excess Lewis acid reagent to facilitate the reaction proceeding
at a reasonable rate. Research in the following decades would reveal that the reaction can
proceed the in presence of a suitably strong Lewis acid, or by the combination of a protic acid and
an oxidizing agent.98 AlCl3 happens to fulfill both these requirements, and several alternative dualrole reagents such as FeCl399, CuCl2100, or MoCl398 have been used. Additionally, a protic acid
and

organic

oxidant

combination

can

be

utilized

to

great

effect

including

bis(trifluoroacetoxy)iodo)benzene (PIFA) with BF398, DDQ with MeSO3H97, and p-chloranil with
TfOH.101
The development of the Scholl reaction as an effective means of intramolecular cyclization
has made it a popular method for the formation of 6-membered aromatic rings in small and
extended systems102, although its effectiveness has been tempered by its somewhat
unpredictable nature.98 The Scholl is particularly sensitive to steric and electronic contributions
from substituent groups, compound 1 features tert-butyl substitutions on two of its rings while
compound

4

features

tert-butyl

substitutions
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on

all

three

rings

(Figure

1-19).

Figure 1-19 Steric effects of cyclodehydrogenations in tert-butyl substituted triphenylenes.96

For compound 1 the intermolecular cyclization proceeds but with a yield very similar to that of an
unsubstituted triphenylene, the major side product was found to be an intermolecular
cyclodehydrogenation between the unsubstituted benzenoid rings of adjacent molecules. For
compound 4, the selective formation of the desired product 5 in 86% is due to the steric blocking
of the extra tert-butyl group. The influences of aryl ether groups in intermolecular
cyclodehydrogenation can be observed in Figure 1-20. Compound 6 was cyclized to the desired
triphenylene due to the para electron donation along the bond formed. The effect of electronic
activations can be further emphasized by the behavior of 1,2-diphenylbenzene with alternative
ether substitutions, many of which prefer intermolecular couplings rather than form the desired
aromatic system, which is surprising due to the fixed proximity of aromatic sites between
chemically-bound ring systems.98
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Other examples of the Scholl reaction’s mercurial nature include the synthetic attempts
dibenzo[fg,op]naphthacene (compound 17, Figure 1-21). Compound 17 will not form from the
Scholl of either compound 14 or compound 15 but will form from 16.98 The Scholl is most closely
associated with the formation of 6MRs though depending on the substrate 5MRs may form. Figure
1-22 shows the Scholl cyclization of substrates 18 and 20. Compound 18 forms two 5MRs
selectively from the two bonded phenyl groups substituted on the tetracene core to form 19. When
the phenyl ring is expanded to a methyl naphthalene, as seen in formation of 21 from 20.103
The complex nature of the Scholl has been attributed to the belief of it proceeding through
two competing intermediates, the arenium cation and radical cation pathways. Figure 1-23 shows
both proposed mechanisms for the ring-closing of compound 6.98 This figure is greatly simplified
by the regioselectivity of the substrate it illustrates, as molecular rearrangements among its many
intermediates could cause it to become quite convoluted. It is currently surmised that both
mechanisms are present in all Scholl-based cyclizations, although the favorability of one vs. the
other can sometimes be controlled by systematic screening of different reagent systems. 104

1.2.3 Pd-Catalyzed C-H Arylation Reaction
Most aromatic ring-closing methodologies are centered around the formation of 6membered benzenoid structures as seen in the Scholl and Diels-Alder reactions. The selective
formation of 5-MRs however, is additionally of great interest for both analytical and material
applications. In 1982, Ames et al. made the heterocyclic compounds 23a and 23b from
compounds 22a and 22b using catalytic Pd(OAc)2, triethylamine (TEA) in acetonitrile at 150 °C
conditions

(Figure

22

1-24).105

Figure 1-20 Electronic effects on the intramolecular Scholl of alkoxy-triphenylenes.96
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Figure 1-21 Synthetic attempt towards isolation of dibenzo[fg,op]naphthacene (17).96

Figure 1-22 Alternating formation of 5 and 6MRs in different Scholl substrates.101
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Figure 1-23 Competing arenium cation (left) and radical cation (right) mechanisms for the formation of
7 from 6. Copyright ACS publishing 2007.96
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Rice and Cai subsequently applied a slightly altered methodology to couplings between carbon
atoms on adjacent ring systems, synthesizing a library benzo fluoranthenes (Figure 1-25).106-107
Pd-catalysis has long been an effective means for aromatic carbon-carbon bond
formation, usually requiring the presence of an electrophilic aromatic halide to be coupled to a
nucleophilic transmetallating agent (Figure 1-25). Such nucleophiles include boronic acids,
organo-magnesium, organo-zinc, organo-tin, unsubstituted alkenes, and terminal alkynes as
seen in the Suzuki, Negishi, Kumada, Stille, Heck and Sonogashira couplings. 108 The Rice and
Cai procedure differs in that the transmetallating agent is replaced by a deprotonated aryl
hydrogen and does not require a specific reactive group to form the aryl-aryl bond. As seen in the
Scholl reaction, the lack of specific reactive sites to guide the coupling makes this method
ineffective at intermolecular bond formation, but for starting materials that contain adjacent
aromatic rings intramolecular ring closings are possible.106-107
As mentioned previously, a characteristic of this procedure is the selective formation of 5membered rings between aromatic subgroups, despite the additional thermodynamic stability of
6-membered moieties.83, 107 This preference has been hypothetically attributed to the stability of
the relative palladocycle intermediates prior to reductive elimination. Figure 1-27 shows the two
possible palladium intermediates in the C-H arylation of binaphthyl triflate to form
benzo[j]fluoranthene (b[j]f). Rice and Cai postulated that the intermediate to form perylene would
require a 7-membered metallocycle, which is less stable than the 6-membered version required
to form b[j]f. As such, b[j]f was isolated with a 93% yield, while no perylene was observed. By
selective pairing of various aryl ethers and aryl bromides, Rice and Cai were able to form a library
of substituted and unsubstituted fluoranthene structures, opening a systematic and selective
pathway

for

the

intelligent

design

of

cyclopentyl-containing
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aromatics.83,

107,

109-113

Figure 1-24 Initial Pd-catalyzed C-H arylation reaction to form heterocyclic aromatics.15

Figure 1-25 Methods of Pd catalyzed cross coupling reactions

27

Although the method gives absolute selectivity for 5-membered ring formation, certain
substrates can form a mixture of products due to the position of the halide and the structural
availability of aromatic proton with respect to the palladium intermediates. For the majority of the
ring-closing precursors used, the phenyl ring was housed on the 9- position of phenanthrene,
except for compounds 25 and 27, where the triflate-bearing phenyl ring was coupling to the 1phenanthrenyl position instead. Compound 25 proceeded as expected, giving regioselectivity with
regard to the formation of 26. Compound 27, however, gave a 1:1 mixture of 28 and 29. This was
attributed to the Pd switching positions as a result of a 1,5-Pd migration pathway, the proposed
mechanism of which can be seen in Figure 1-28. It was surmised that the organo-palladium first
forms the 6-membered metallocycle that is required for the formation of 28. Instead of undergoing
reductive elimination, the phenyl carbon reversibly protonates with the Pd-species being
transferred to the phenanthrene. At this stage, there are two possible sites of deprotonation on
the phenyl ring due to rotation about the sigma bond shared between the two ring fragments. The
6-membered intermediate can then be reformed at either aromatic site resulting in the mixture of
28 and 29. The ring closing of 25 to form 26 did not rearrange because the o-fluorine on the
phenyl ring makes deprotonation at more than one position not possible, resulting in the synthesis
of a single product.107
The discovery of migrating Pd groups was initially, an unfavorable one, yielding an
inseparable mixture of structural isomers. Despite this initial result, Decampo et al. purposefully
designed substrates where the location of the aryl halide is positioned so as to require a Pdmigration for the ring-closing to proceed.114 Figure 1-28 shows the proposed mechanism of the
1,4-migration pathway of fluoranthene from compound 30. With such a substrate the only
palladium intermediate possible is a 5-membered one, which cannot undergo reductive
elimination in such as state because it would result in a highly unfavorable 4-membered ring.115
28

Figure 1-26 Rice and Cai C-H activated fluoranthene synthesis.104

Figure 1-27 Rationale for the regioselective formation of 5-membered fluoranthene formations. The
formation of perylene would require a 7-membered palladium intermediate, which is unfavorable.104
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Figure 1-28 First evidence of a Pd migration featuring in a C-H arylation reaction. The first example
shows a regioselective ring-closing. The second includes the reversible protonation of the aryl
palladium and subsequent rotation causes two products to be formed. (Pd = palladium insertion, RE =
reductive elimination)104

The intermediate instead, is reversibly protonated, rotates around its sigma bond and reformed a
6-membered metallocycle on another ring system, enabling the formation of fluoranthene. This
was used to great effect in a number of heterocyclic and non-heterocyclic aromatic
compounds.114-116
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Figure 1-29 1,4-migration-enabled synthesis of fluoranthene from 1-phenyl-2-iodo naphthalene.114115
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1.3

Aromatics and PAHs in Extended Systems

The unique electrochemical and photophysical properties of PAHs in small molecules
have, perhaps unsurprisingly, drawn attention to their application in extended system such as
supramolecular assemblies or polymers. The applications of these structures are far-reaching
and have been at the forefront of modern nanoscience. Perhaps the earliest example of extended
π-conjugated systems can be seen in graphite. The most stable form of elemental carbon,
graphite consists of crystalline stacks of hexagonal sp2 hybridized carbon-carbon bonds. It was
found to have high thermal stability and electrical conductivity, making it a preferred material for
Li-ion battery electrodes.117
Individual layers of graphite are referred to as graphene and was first intentionally
fabricated in 2004 after years of postulation regarding its existence. 118 Graphenes can be
considered as an indefinitely large polycyclic aromatic molecules with C-C bond lengths
equivalent throughout, implying a high level of charge delocalization. It is highly transparent,
highly conductive, exhibits extreme mechanical stability, and has been proposed for several next
generation applications such as flexible or minimal profile electronics, fast-charging and high
capacity batteries.119 Despite its incredible physical properties, graphene research has been
plagued by the inability to scale its production beyond the scope of research laboratories and into
a commercially viable process.120
The initial method of graphene preparation involved the mechanical exfoliation of highly
ordered graphite.118 This process was a proof-of-concept methodology and not viable outside of
the laboratory setting. In 2008, Ruoff et al. presented the first solution-based synthesis of
graphene by the oxidation of graphite to graphene oxide (GO) which could be then separated into
individual sheets in aqueous systems due to the hydrophilicity of the epoxide groups on GO. 12
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Figure 1-30 Electrically conductive carbon allotropes. a. graphene b. graphene nanoribbon c.
carbon nanotube d fullerene.

1
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The separated GO sheets were then reduced using hydrazine, reforming much of their original
shape. This process had promising implications for large scale production of graphene, however
the oxidation/reduction process invariably resulted in structural deformations of the carbon
skeleton which led to inconsistencies in the conductive and tensile properties.119
Other allotropes of carbon have been similarly investigated such as carbon nanotubes,
graphene nanoribbons, and fullerenes. Each exhibit favorable structural and charge transport
properties and have been applied in a multitude of research applications. However, as in the case
of graphene, their implementation or commercial viability have been hampered by inefficient
synthesis or difficulties in processing or manipulating the compounds.122 These difficulties have
led efforts towards more targeted approaches when designing extended π-system materials.102,
123

Early examples of synthetic attempts to incorporate aromatics in extended systems can
be found in the construction of conjugated polymers such as polyphenylene, poly vinyl phenylene,
polyfluorene, polythiophene, or polypyrrole (Figure 1-31). This class of materials as a whole was
instrumental in developing the field of organic electronics. The extended π-conjugation along the
backbone of the polymer causes these materials to be electrically conductive and earned the
Nobel Prize in 2000 for Heeger, McDiarmid, and Shirakawa for their discovery.124-126 However,
these suffer from issues of low solubility as well as difficult to control polymerizations.
Alternative to the construction of extended structures based on covalent C-C interactions,
are methods to create self-assembled PAH macro-structures based on intermolecular
attractions102 or polymeric metal-ligand coordination.127 Systems such as these are advantageous
due to the higher level of property control afforded by working with molecular systems.
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Figure 1-31 Structures of early conducting polymers.
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Additionally, their modular nature allows for the constituent units to be selectively swapped and
attenuated, affording further tunability. As such, intelligent design of individual constituents and
their incorporation into larger systems is essential. Two particularly relevant sub-categories of
these are hexa-peri-benzocoronene-based discotic liquids and PAH-incorporated metal-organic
frameworks.

1.3.1 Hexa-peri-benzocoronene Nanoassemblies
Hexa-peri-benzocoronene (p-HBC) is a fully benzenoid PAH that has been studied
voraciously due to its propensity for macromolecular interactions.128 The prefix peri refers to its
“zig-zag” edge shape and distinguishes it from the less-stable hexa-cata-benzocoronene.59 While
the six cove structures found on cata-HBC causes an aromatic system that is contorted due to
intramolecular sterics, peri-HBC features only bay regions allowing it to remain planar.129 First
synthesized in 1970 by Clar et al. unsubstitued p-HBC manifests as a bright yellow-orange solid
that is insoluble in nearly all organic liquids, and can only be effectively characterized in the solid
state.54 Its high symmetry and extended π-system results in very strong intermolecular attractions.
In 1996, Müllen et al. reported the synthesis of alkylated p-HBCs establishing the field of discotic
liquids.130-131 The alkylated HBC monomers were found to be amenable to organic solvation and
would

self-assemble

into

columnar-like
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stacks

of

varying

diameters.

Figure 1-32 Structural differences between peri and cata hexabenzocoronenes.
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Figure 1-33 Schematic of p-HBC columnar stacks. The close packing of the HBC cores enables
charge transport along the length of the stack.128 Copyright © Springer Nature.

Figure 1-34 Cobalt catalyzed cyclotrimerization of alkylated tolanes to form C 3 symmetric
hexaphenylbenzene. Subsequent Scholl cyclodehydrogenation yields the hexa-periphenylbenzene.129-130f
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Figure 1-35 Piecewise synthesis of p-HBC. This method gives greater control over the position of
substituents.132-133
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These macro-structures were found to exhibit properties of liquid crystals and were able to be
characterized via powder x-ray diffraction. They featured discotic liquid crystals exhibited
exemplary intermolecular charge transfer via the close packing of the HBC cores, additionally the
aliphatic substituents of the columns acted as a sort of insulator as well as adding structural
stability by way of favorable interaction with hydrocarbons featured on neighboring discs. In this
way, the assemblies can be considered as a sort of “nano-wire” and have been applied in several
electronic devices (Figure 1-33). The fluorescent nature of the extended π-system of alkylated pHBC coupled with its conductivity has seen their implementation in organic light-emitting diodes
(OLEDs) as well as bulk heterojunction solar cells.128, 132
Müllen’s original route included the synthesis of alkylated tolanes which could be
cyclotrimerized to form hexaphenylbenzene, subsequent Scholl oxidation with FeCl3 in DCM
yielded the p-HBC monomers (Figure 1-34).130-131 For the purposes of self-assembled discotic
liquids, this is an extremely efficient method of preparation, but for applications that require
symmetry of varying degrees, other synthetic paths towards p-HBC derivatives are available. One
particularly useful method is the piecewise synthesis of cyclopentadieneone from the double Aldol
condensation of dibenzyl acetone and benzil. The cyclopentadieneone then undergoes a [4+2]
cycloaddition with a tolane to form the hexaphenylbenzene product. This method enables the
customization of the various substituents as seen in Figure 1-35.133-134
The more specialized synthetic methods for HBC construction have been applied to form
somewhat exotic monomers, designed for specific macro-assemblies. An example of this can
been seen in the formation of supramolecular graphitic nanotubes made of ambipolar p-HBC
units. Monomers of p-HBC were designed with hydrophobic aliphatic chains on one side and
hydrophilic

poly-ethylene

glycol

(PEG)
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chains

on

the

other.

Figure 1-36 Structure of an ambipolar hexa-peri-benzocoronene compounds featuring a fullerene
pendant. The compound self-assembles into graphitic nanotubes that can be tuned by varying the
proportion of fullerene-bearing and unfunctionalized monomers. Copyright © National Academy of
Sciences.135
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The synthetic route was designed so as to enable the ability to switch out the PEG-bound
pendants to serve different functions.135 Ambipolar p-HBC graphitic nanotubes have been
accessorized with fullerene to form a donor-accepter photovoltaic dyad (Figure 1-36)136, with Pt
organometallic complexes for nanosensors137, and with terminal alkenes for post synthetic
nanotube stabilization.138

1.3.2 Metal-Organic Framework Embedded Aromatics
Formed from the coordination of metal oxide clusters with multi-dentate organic linkers,
metal-organic frameworks (MOFs) are three-dimensional coordination polymers that are highly
porous and crystalline. The spatial vacancies within such materials allows for MOF assemblies to
host a number of guest molecules for photo and electro catalysis, gas storage, and
chromatography. The organic links, of which MOFs are comprised are usually aromatic in nature
due to their structural rigidity and can be exchanged for compounds of various shapes and sizes.
Given the functional properties of PAHs, outlined previously, efforts to incorporate them into
MOFs have been numerous. The novelty of embedded PAHs groups verses other extended
aromatic assemblies is that the coordination of the ligands to the metal clusters keeps the
extended π-systems of the incorporated moiety from extensive stacking. This allows not only for
the photophysical properties to be studied as isolated units but opens the possibility of PAH-guest
interactions as well as intermolecular charge transport.
A versatile platform for electroactive PAH MOFs is the zirconium-based NU-1000. The
tetra-dentate pyrene linker 1,3,6,8-tetrakis-benzoate pyrene forms a mesoporous framework with
alternating hexagonal and trigonal pores.139 It is noted for its chemical and thermal stability
afforded

by

the

robustness

42

of

zirconium

frameworks.

Figure 1-37 a. Structure of ferrocene carboxylic acid functrionalized NU-1000. b & c. Density
Functional Theory optimized structures emphasizing the “rigidly” bound ferrocene group at the
Zr(IV) oxide cluster. d. Reaction scheme outlining the post-synthetic SALI method of ferrocene
incorporation.140 Copyright ACS Publishing.
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The pyrene groups have been shown to give an electrochemical and photochromic response
when grown in thin-films on fluorine-doped tin oxide (FTO) and subjected to cyclic voltammetry.
The coordination of the metal node with the tetra-topic pyrene linker leaves open zirconium
coordination sites within the hexagonal vacancies that are able to be post synthetically modified
by mono carboxylate functional pendants. Hod et al. applied solvent assisted ligand incorporation
(SALI) to NU-1000 to incorporate ferrocene carboxylic acids at the open zirconium site enabling
site to site electron hopping between ferrocene groups.140 At low electrolyte concentrations the
reductive peak associated with the pyrene linker was no longer observed, being replaced with the
oxidative wave of the ferrocene pendant.141 The redox response of the pyrene was restored
however, by increasing the electrolyte concentration by an order of magnitude (0.05M to 0.5M).
Another PAH functionalized linker is the anthracene PEPEP (P=phenylene, E=ethynyl)
seen in Figures 1-38 and 1-39. This linker has been applied to both Zn and Zr MOFs to serve
different functions. In the Zn-iteration, known as NNU-220, the center anthracene groups line up
diagonally PAH to PAH and feature intermolecular charge transport. Single crystals of the MOF
were grown, and it was found that it served as an electroluminescent material, emitting light when
a voltage was applied. When featured in a Zr-based MOF, known as NNU-28, it crystallizes in a
different configuration from other PEPEP analogues, with the head to head anthracene
interactions featuring heavily in its assembly.142 Although, the anthracene moieties do not line up
in such a way to enable intermolecular charge transport, it was found to have high photocatalytic
properties for the reduction of CO2 to formate under visible-light irradiation.143 At the time of its
publication, the kinetics associated with the Zr-based anthracene PEPEP were the highest
observed in any MOF system. It was theorized that this was because of a dual mode of light
activation, both the central anthracene group as well as the outer phenyl rings participated in the
reaction.
44

Figure 1-38 a. Structure of the PEPEP anthracene dicarboxylic acid based NNU-220 framework
shown along the axis of electrical conductivity. b. schematic showing the face on face interactions
of the anthracene linker cores. c. structure of the Zn-Na secondary building structure. Reprinted
with permission Royal Society of Chemistry.141
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Figure 1-39 Zr6O4(OH)4(CO2) 12 building unit coordinated by 12 PEPEP anthracene dicarboxylic
acid. (b) A view of the structure of NNU-28 showing two types of cages (yellow spheres represent
void spaces). (c) Concave cage. (d) Convex cage. (e) Topological representation of NNU-28
showing the 2-fold interpenetration. Atom labelling scheme: Zr, O, and C atoms are in blue, red and
black colours, respectively. H atoms are omitted for clarity. Reprinted with permission Royal Society
of Chemistry.142
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1.4

Dissertation Outline

This dissertation describes the design, synthesis, and characterization of polycyclic
aromatic compounds in molecular and extended systems. This will focus on the intelligent
application of organic synthesis to overcome challenges and achieve desired goals.
Chapter 2 pertains to the study of Pd-catalyzed intramolecular ring-closings for the
construction of HMW PAHs. This was achieved by first, selectively pairing of aryl halides with
alkoxy aryl boronates via Suzuki coupling. Despite the presence of steric congestion between
many of the coupling partners, a general-use Suzuki procedure was applied to all compounds.
Subsequent delakylation and triflation yielded aryl triflate precursors that could be cyclized to form
twelve dibenzo- and naphtho- fluoranthene isomers with MW = 302. When applying a literaturebased catalytic system to the intramolecular cyclization yields were low, seeing the formation of
detriflated and triflate reduction side products. After multiple unsuccessful optimization attempts,
introduction of Pd2(dba)3 with the electron-rich tricylcohexylphosphine ligand saw the ring-closing
yields increase dramatically. Despite this, five substrates were the subject of molecular
rearrangements due to 1,4 and 1,5 Pd-migrations. By understanding the various ways the Pdmigrates during ring-closing, certain substrates could be redesigned to either avoid or take
advantage of this property achieving regioselectivity for ten of the twelve desired products.
Chapter 3 centers around the rigorous characterization of the dibenzo- and naphtho
fluoranthenes isolated in chapter 2. The purpose of synthesizing these HMW PAHs is for their
use as analytical standards for identification in environmental sample and toxicological risk
assessment. As such, their unambiguous identification was vital before they could be properly
indexed. Their structural similarities coupled with the propensity of the ring-closing procedure
towards rearrangements requires the application of a more complete method of identification,
beyond that of standard one-dimensional 1H/13C NMR and mass spectrometry. This was achieved
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by two-dimensional NMR, which confirmed the identification of all twelve fluoranthene isomers.
Subsequently the compounds were characterized with absorption/emission spectroscopy, as well
as cyclic voltammetry. It was found that shifting the positions of the benzo- and naphthosubstituents relative to the fluoranthene core could effectively tune the fluorescence spectra,
achieving all colors of the visible spectrum.
Chapter 4 deals with the synthesis of hexaphenylated organic linkers for incorporation in
zirconium metal-organic frameworks. These linkers were designed to undergo post-synthetic
cyclodehydrogenation for form a hexa-peri-benzocoronene (HBC) Zr-MOF. HBC compounds are
characterized by their low solubility and high proclivity towards aggregation in solution, even when
solubilized by aliphatic substituents. This is problematic for MOF incorporation as framework
assembly requires the organic links to be dissolved in the crystallization solvent. The precursors
for p-HBC, hexaphenylbenzene is much more soluble, due to the anti-peri-planar orientation of
the six phenyl rings. As such, a hexaphenylbenzene linker was synthesized to be incorporated
into a Zr-MOF and subsequently planarized via post-synthetic Scholl oxidation. Two MOF linkers
were designed for this purpose, a di-topic and cruciform tetra-topic linker. The di-topic linker
required much more troubleshooting before successful crystallization, and even then, the
crystallinity and porosity of the MOF was poor. The cruciform structure crystallized much more
readily, but evidence of post-synthetic Scholl cyclization are inconclusive at this stage.
The contents of Chapter 5 are related to the design and synthesis of Zr-based metalorganic frameworks featuring redox-active pendant groups. This chapter focuses on the large
amount of synthetic troubleshooting required for actualization of this project, as many of the initial
methods encountered issues of low solubility, low yields, and low stability. These initial attempts
were for application in a UiO-68 terphenyl-based framework, but the challenges associated with
these original iterations caused use to search for a more robust platform from which to house the
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redox-pendants. Di-alkoxy PIZOFs (porous interpenetrated zeolitic organic frameworks) are a
robust-class of Zr-MOFs that are amenable to the attachment of various pendants. The advantage
of this system is that the crystallization conditions are consistent and allows for multi-variant MOF
systems to be designed. Three PIZOF MOF linkers were synthesized, a dimethoxy, a mono
ferrocene propoxy, and a di-ferrocene propoxy, each that crystallize under identical conditions.
These MOFs were grown solvothermally onto fluorine-doped tin-oxide (FTO) glass electrodes
and subjected to cyclic voltammetry. By varying the proportion of redox-active to redox-inactive
linkers the oxidation peak current associated with the ferrocene pendant could be tuned

1.5
1.

References

Zhang, Y.; Tao, S., Global atmospheric emission inventory of polycyclic aromatic

hydrocarbons (PAHs) for 2004. Atmospheric Environment 2009, 43, 812-819.
2.

Wise, S. A.; Benner, B. A.; Liu, H.; Byrd, G. D.; Colmsjoe, A., Separation and identification

of polycyclic aromatic hydrocarbon isomers of molecular weight 302 in complex mixtures.
Analytical Chemistry 1988, 60, 630-637.
3.

Bouloubassi, I.; Saliot, A., Sources and transport of hydrocarbons in the Rhone delta

sediments (Northwestern Mediterranean). Fresenius' Journal of Analytical Chemistry 1991, 339,
765-771.
4.

Lawal, A. T., Polycyclic aromatic hydrocarbons. A review. Cogent Environmental Science

2017, 3, 1339841.
5.

Abdel-Shafy, H. I.; Mansour, M. S. M., A review on polycyclic aromatic hydrocarbons:

Source, environmental impact, effect on human health and remediation. Egyptian Journal of
Petroleum 2016, 25, 107-123.
6.

Pontevedra-Pombal, X.; Rey-Salgueiro, L.; García-Falcón, M. S.; Martínez-Carballo, E.;

Simal-Gándara, J.; Martínez-Cortizas, A., Pre-industrial accumulation of anthropogenic polycyclic
49

aromatic hydrocarbons found in a blanket bog of the Iberian Peninsula. Environmental Research
2012, 116, 36-43.
7.

Pott, P., Chirurgical observations relative to the cataract, the polypus of the nose and

cancer of the scrotum. T. J. Carnegy: London, 1775.
8.

Laney, A. S.; Weissman, D. N., Respiratory diseases caused by coal mine dust. Journal

of occupational and environmental medicine 2014, 56 Suppl 10, S18-S22.
9.

Loeb, L. A.; Harris, C. C., Advances in Chemical Carcinogenesis: A Historical Review and

Prospective. Cancer Research 2008, 68, 6863-6872.
10.

Vu, A. T.; Taylor, K. M.; Holman, M. R.; Ding, Y. S.; Hearn, B.; Watson, C. H., Polycyclic

Aromatic Hydrocarbons in the Mainstream Smoke of Popular U.S. Cigarettes. Chemical research
in toxicology 2015, 28, 1616-1626.
11.

Alves, C. A.; Barbosa, C.; Rocha, S.; Calvo, A.; Nunes, T.; Cerqueira, M.; Pio, C.;

Karanasiou, A.; Querol, X., Elements and polycyclic aromatic hydrocarbons in exhaust particles
emitted by light-duty vehicles. Environmental science and pollution research international 2015,
22, 11526-42.
12.

Gomaa, E. A.; Gray, J. I.; Rabie, S.; Lopez-Bote, C.; Booren, A. M., Polycyclic aromatic

hydrocarbons in smoked food products and commercial liquid smoke flavourings. Food additives
and contaminants 1993, 10, 503-21.
13.

Benedek, T.; Vajna, B.; Tancsics, A.; Marialigeti, K.; Lanyi, S.; Mathe, I., Remarkable

impact of PAHs and TPHs on the richness and diversity of bacterial species in surface soils
exposed to long-term hydrocarbon pollution. World journal of microbiology & biotechnology 2013,
29, 1989-2002.

50

14.

Ye, D.; Siddiqi, M. A.; Maccubbin, A. E.; Kumar, S.; Sikka, H. C., Degradation of

Polynuclear Aromatic Hydrocarbons by Sphingomonas paucimobilis. Environmental Science &
Technology 1996, 30, 136-142.
15.

Nisbet, I. C. T.; LaGoy, P. K., Toxic equivalency factors (TEFs) for polycyclic aromatic

hydrocarbons (PAHs). Regulatory Toxicology and Pharmacology 1992, 16, 290-300.
16.

Yan, J.; Wang, L.; Fu, P. P.; Yu, H., Photomutagenicity of 16 polycyclic aromatic

hydrocarbons from the US EPA priority pollutant list. Mutation research 2004, 557 (1), 99-108.
17.

Verma, N.; Pink, M.; Rettenmeier, A. W.; Schmitz-Spanke, S., Review on proteomic

analyses of benzo[a]pyrene toxicity. Proteomics 2012, 12, 1731-55.
18.

Wilson, W. B.; Hayes, H. V.; Sander, L. C.; Campiglia, A. D.; Wise, S. A., Qualitative

characterization of SRM 1597a coal tar for polycyclic aromatic hydrocarbons and methylsubstituted derivatives via normal-phase liquid chromatography and gas chromatography/mass
spectrometry. Analytical and bioanalytical chemistry 2017, 409, 5171-5183.
19.

Cook, J. W.; Hewett, C. L.; Hieger, I., 106. The isolation of a cancer-producing

hydrocarbon from coal tar. Parts I, II, and III. Journal of the Chemical Society 1933, 395-405.
20.

Uno, S.; Dalton, T. P.; Derkenne, S.; Curran, C. P.; Miller, M. L.; Shertzer, H. G.; Nebert,

D. W., Oral Exposure to Benzo[<em>a</em>]pyrene in the Mouse: Detoxication by Inducible
Cytochrome P450 Is More Important Than Metabolic Activation. Molecular Pharmacology 2004,
65, 1225-1237.
21.

Chipman, J. K.; Bhave, N. A.; Hirom, P. C.; Millburn, P., Metabolism and excretion of

benzo[a]pyrene in the rabbit. Xenobiotica; the fate of foreign compounds in biological systems
1982, 12, 397-404.

51

22.

Ba, Q.; Li, J.; Huang, C.; Qiu, H.; Li, J.; Chu, R.; Zhang, W.; Xie, D.; Wu, Y.; Wang, H.,

Effects of benzo[a]pyrene exposure on human hepatocellular carcinoma cell angiogenesis,
metastasis, and NF-κB signaling. Environmental health perspectives 2015, 123, 246-254.
23.

Kirso, U.; Irha, N., Role of Algae in Fate of Carcinogenic Polycyclic Aromatic

Hydrocarbons in the Aquatic Environment. Ecotoxicology and Environmental Safety 1998, 41, 8389.
24.

Song, M.; Luo, C.; Jiang, L.; Zhang, D.; Wang, Y.; Zhang, G., Identification of

Benzo[a]pyrene-Metabolizing Bacteria in Forest Soils by Using DNA-Based Stable-Isotope
Probing. Applied and Environmental Microbiology 2015, 81, 7368-7376.
25.

Hecht, S. S.; Carmella, S. G.; Villalta, P. W.; Hochalter, J. B., Analysis of phenanthrene

and benzo[a]pyrene tetraol enantiomers in human urine: relevance to the bay region diol epoxide
hypothesis of benzo[a]pyrene carcinogenesis and to biomarker studies. Chemical research in
toxicology 2010, 23, 900-908.
26.

Jankowiak, R.; Rogan, E. G.; Cavalieri, E. L., Role of Fluorescence Line-Narrowing

Spectroscopy and Related Luminescence-Based Techniques in the Elucidation of Mechanisms
of Tumor Initiation by Polycyclic Aromatic Hydrocarbons and Estrogens. The Journal of Physical
Chemistry B 2004, 108, 10266-10283.
27.

Lehr, R. E.; Kumar, S.; Levin, W.; Wood, A. W.; Chang, R. L.; Conney, A. H.; Yagi, H.;

Sayer, J. M.; Jerina, D. M., The Bay Region Theory of Polycyclic Aromatic Hydrocarbon
Carcinogenesis. In Polycyclic Hydrocarbons and Carcinogenesis, American Chemical Society:
1985; Vol. 283, pp 63-84.
28.

Zhang, L.; Jin, Y.; Huang, M.; Penning, T., The Role of Human Aldo-Keto Reductases in

the Metabolic Activation and Detoxication of Polycyclic Aromatic Hydrocarbons: Interconversion
of PAH Catechols and PAH o-Quinones. Frontiers in Pharmacology 2012, 3.

52

29.

Koreeda, M.; D. Moore, P.; G. Wislocki, P.; Levin, W.; H. Conney, A.; Yagi, H.; M. Jerina,

D., Binding of Benzo[a]pyrene 7,8Diol9,10-Epoxides to DNA, RNA, and Protein of Mouse Skin
Occurs with High Stereoselectivity. 1978; Vol. 199, p 778-781.
30.

John, K.; Pratt, M. M.; Beland, F. A.; Churchwell, M. I.; McMullen, G.; Olivero, O. A.;

Pogribny, I. P.; Poirier, M. C., Benzo[a]pyrene (BP) DNA adduct formation in DNA repair-deficient
p53 haploinsufficient [Xpa(-/-)p53(+/-)] and wild-type mice fed BP and BP plus chlorophyllin for
28 days. Carcinogenesis 2012, 33, 2236-2241.
31.

Gerde, P.; Muggenburg, B. A.; Thornton-Manning, J. R.; Lewis, J. L.; Pyon, K. H.; Dahl,

A. R., Benzo[a]pyrene at an environmentally relevant dose is slowly absorbed by, and extensively
metabolized in, tracheal epithelium. Carcinogenesis 1997, 18, 1825-32.
32.

Grimmer, G.; Brune, H.; Dettbarn, G.; Jacob, J.; Misfeld, J.; Mohr, U.; Naujack, K. W.;

Timm, J.; Wenzel-Hartung, R., Relevance of polycyclic aromatic hydrocarbons as environmental
carcinogens. Fresenius' Journal of Analytical Chemistry 1991, 339, 792-795.
33.

Andersson, J. T.; Achten, C., Time to Say Goodbye to the 16 EPA PAHs? Toward an Up-

to-Date Use of PACs for Environmental Purposes. Polycyclic aromatic compounds 2015, 35, 330354.
34.

Wise, S. A.; Sander, L. C.; Schantz, M. M., Analytical Methods for Determination of

Polycyclic Aromatic Hydrocarbons (PAHs) — A Historical Perspective on the 16 U.S. EPA Priority
Pollutant PAHs. Polycyclic Aromatic Compounds 2015, 35, 187-247.
35.

Beernaert, H., Gas Chromatographic analysis of polycyclic aromatic hydrocarbons.

Journal of Chromatography A 1979, 173, 109-118.
36.

Lung, S.-C. C.; Liu, C.-H., Fast analysis of 29 polycyclic aromatic hydrocarbons (PAHs)

and nitro-PAHs with ultra-high performance liquid chromatography-atmospheric pressure
photoionization-tandem mass spectrometry. Scientific reports 2015, 5, 12992-12992.

53

37.

Lien, G. W.; Chen, C. Y.; Wu, C. F., Analysis of polycyclic aromatic hydrocarbons by liquid

chromatography/tandem mass spectrometry using atmospheric pressure chemical ionization or
electrospray ionization with tropylium post-column derivatization. Rapid communications in mass
spectrometry : RCM 2007, 21, 3694-700.
38.

Hofstraat, J. W.; van Zeijl, W. J. M.; Ariese, F.; Mastenbroek, J. W. G.; Gooijer, C.;

Velthorst, N. H., (Laser-excited) Shpol'skii fluorometry: applications in marine environmental
analysis of polynuclear aromatic hydrocarbons. Marine Chemistry 1991, 33, 301-320.
39.

Santana Rodriguez, J. J.; Sanz, C., Fluorescence techniques for the determination of

polycyclic aromatic hydrocarbons in marine environment: An overview. 2000; Vol. 28.
40.

Wang, H.; Walaszczyk, E. J.; Li, K.; Chung-Davidson, Y. W.; Li, W., High-performance

liquid chromatography with fluorescence detection and ultra-performance liquid chromatography
with electrospray tandem mass spectrometry method for the determination of indoleamine
neurotransmitters and their metabolites in sea lamprey plasma. Analytica chimica acta 2012, 721,
147-53.
41.

Tokousbalides, P.; Wehry, E. L.; Mamantov, G., Observation of quasilinear fluorescence

spectra (the "Shpol'skii effect") in matrix-isolated polycyclic aromatic hydrocarbons. The Journal
of Physical Chemistry 1977, 81, 1769-1772.
42.

Powell, J.; Heider, E. C.; Campiglia, A.; Harper, J. K., Predicting accurate fluorescent

spectra for high molecular weight polycyclic aromatic hydrocarbons using density functional
theory. Journal of Molecular Spectroscopy 2016, 328, 37-45.
43.

Nishinaga, T.; Ohmae, T.; Iyoda, M., Recent Studies on the Aromaticity and

Antiaromaticity of Planar Cyclooctatetraene. Symmetry 2010, 2, 76.
44.

L. Karle, I., An Electron Diffraction Investigation of Cyclooctatetraene and Benzene. 1952;

Vol. 20.

54

45.

Hückel, E., Quantentheoretische Beiträge zum Benzolproblem. Z. Phys 1931, 70, 204-

286.
46.

Vladimir I. Minkin, M. N. G., Boris Y. Simkin, Aromaticity and Antiaromaticity. John Wiley

& Sons: New York, 1994.
47.

Anastassiou, A. G., SYNTHESIS AND STUDY OF SELECT HETEROCYCLES. In The

Chemistry of Nonbenzenoid Aromatic Compounds –II, Kreher, R.; Darmstadt, T. H., Eds.
Butterworth-Heinemann: 1975; pp 691-749.
48.

Randić, M., Aromaticity of Polycyclic Conjugated Hydrocarbons. Chemical Reviews 2003,

103, 3449-3606.
49.

Wasserfallen, D. Synthetical Engineering of Supramolecular Properties of Large

Polycyclic Aromatic Hydrocarbons. Johannes Gutenberg University, Mainz, 2006.
50.

Zhang, C.; McClure, J.; Chou, C. J., Silver-Catalyzed Direct Thiolation of Quinones by

Activation of Aryl Disulfides to Synthesize Quinonyl Aryl Thioethers. The Journal of Organic
Chemistry 2015, 80, 4919-4927.
51.

The Halogen-Metal Interconversion Reaction with Organolithium Compounds. In Organic

Reactions.
52.

Martín, N.; Scott, L. T., Challenges in aromaticity: 150 years after Kekulé's benzene.

Chemical Society Reviews 2015, 44, 6397-6400.
53.

Manzetti, S., Chemical and electronic properties of polycyclic aromatic hydrocarbons: a

review. 2011; pp 423-435.
54.

Clar, E., Polycyclic Hydrocarbons. Academic Press: New York, 1964; Vol. 1 & 2.

55.

Clar, E., The Aromatic Sextet. 1972; Vol. 1972.

55

56.

Blum, J.; Amer, I.; Zoran, A.; Sasson, Y., Catalytic hydrogenation of olefins, acetylenes

and arenes by rhodium trichloride and aliquat-336 under phase transfer conditions. Tetrahedron
Letters 1983, 24, 4139-4142.
57.

Feiner, R.; Schwaiger, N.; Pucher, H.; Ellmaier, L.; Derntl, M.; Pucher, P.; Siebenhofer,

M., Chemical loop systems for biochar liquefaction: hydrogenation of Naphthalene. RSC
Advances 2014, 4, 34955-34962.
58.

Price, C. C., A Study of the Phenanthrene—Bromine Addition Reaction. Journal of the

American Chemical Society 1936, 58, 1834-1838.
59.

Solà, M., Forty years of Clar's aromatic π-sextet rule. Frontiers in Chemistry 2013, 1 (22).

60.

Randić, M., Fully benzenoid systems revisited. Journal of Molecular Structure:

THEOCHEM 1991, 229, 139-153.
61.

Pal, S. K.; Setia, S.; Avinash, B. S.; Kumar, S., Triphenylene-based discotic liquid crystals:

recent advances. Liquid Crystals 2013, 40, 1769-1816.
62.

New Edition of the “IUPAC Blue Book”Nomenclature of Organic Chemistry—IUPAC

Recommendations and Preferred Names 2013. In Chemistry International, 2014; Vol. 36, p 22.
63.

Polycyclic Aromatic Hydrocarbons. In Nomenclature of Organic Compounds, AMERICAN

CHEMICAL SOCIETY: 1974; Vol. 126, pp 29-42.
64.

Ehrenhauser, F. S., PAH and IUPAC Nomenclature. Polycyclic Aromatic Compounds

2015, 35, 161-176.
65.

Katz, A. K.; Carrell, H.; Glusker, J., Dibenzo[a,l]pyrene (dibenzo[def,p]chrysene): Fjord-

region distortions. 1998; Vol. 19, p 1641-8.
66.

Scholl, R.; Mansfeld, J., meso-Benzdianthron (Helianthron), meso-Naphthodianthron, und

ein neuer Weg zum Flavanthren. Berichte der deutschen chemischen Gesellschaft 1910, 43,
1734-1746.

56

67.

Scholl, R.; Seer, C.; Weitzenböck, R., Perylen, ein hoch kondensierter aromatischer

Kohlenwasserstoff C20H12. Berichte der deutschen chemischen Gesellschaft 1910, 43, 22022209.
68.

Scholl, R.; Seer, C., Abspaltung aromatisch gebundenen Wasserstoffs und Verknüpfung

aromatischer Kerne durch Aluminiumchlorid. Justus Liebigs Annalen der Chemie 1912, 394, 111177.
69.

Haworth, R. D., 145. Syntheses of alkylphenanthrenes. Part I. 1-, 2-, 3-, and 4-

Methylphenanthrenes. Journal of the Chemical Society 1932, 1125-1133.
70.

Haworth, R. D.; Letsky, B. M.; Mavin, C. R., 240. Syntheses of alkylphenanthrenes. Part

II. Pimanthrene, 1 : 4 : 7-trimethylphenanthrene, retene, and 1 : 4-dimethyl-7-isopropylphenanthrene. Journal of the Chemical Society 1932, 1784-1792.
71.

Haworth, R. D.; Bolam, F. M., 317. Synthesis of alkylphenanthrenes. Part III. 1 : 2 : 7-, 1 :

3 : 7-, and 1 : 6 : 7-Trimethylphenanthrenes. Journal of the Chemical Society 1932, 2248-2251.
72.

Haworth, R. D., 407. Synthesis of alkylphenanthrenes. Part IV. 7-Methyl-1-ethyl- and 1-

ethyl-7-isopropyl-phenanthrenes : constitution of abietic and d-pimaric acids. Journal of the
Chemical Society 1932, 2717-2720.
73.

Clar, E.; John, F., Zur Kenntnis mehrkerniger aromatischer Kohlenwasserstoffe und ihrer

Abkömmlinge, VIII. Mitteil.: Über [Naphtho-2′3′:1.2-anthracene],[2.3,6.7-Dibenzanthracen-9.10diyle] und deren Oxydationsprodukte. Berichte der deutschen chemischen Gesellschaft (A and B
Series) 1931, 64, 981-988.
74.

Clar, E., Zur Kenntnis mehrkerniger aromatischer Kohlenwasserstoffe und ihrer

Abkömmlinge. VI. Mitteil.: Die Synthese des 1.2, 3.4-Dibenzpyrens und seiner Derivate. Berichte
der deutschen chemischen Gesellschaft (A and B Series) 1930, 63, 112-120.

57

75.

Clar, E.; Wallenstein, H. D., Zur Kenntnis mehrkerniger aromatischer Kohlenwasserstoffe

und ihrer Abkömmlinge, X. Mitteil.: Über [Naphtho-2′.3′:3.4-phenanthrene] und ihre Chinone.
Berichte der deutschen chemischen Gesellschaft (A and B Series) 1931, 64, 2076-2082.
76.

Clar, E.; John, F., Zur Kenntnis mehrkerniger aromatischer Kohlenwasserstoffe und ihrer

Abkömmlinge, V. Mitteil.: Naphtho-anthracene, ihre Oxydationsprodukte und eine neue Klasse
tiefgefärbter Kohlenwasserstoffe. Berichte der deutschen chemischen Gesellschaft (A and B
Series) 1929, 62, 3021-3029.
77.

Clar, E., Über die Konstitution des Anthracens (Zur Kenntnis mehrkerniger aromatischer

Kohlenwasserstoffe und ihrer Abkömmlinge, IX. Mitteil.). Berichte der deutschen chemischen
Gesellschaft (A and B Series) 1931, 64, 1676-1688.
78.

Clar, E., Über den Aufbau eines Pyren-Derivates aus Benzanthren (Mehrkernige

Kohlenwasserstoffe, 17. Mitteil.). Berichte der deutschen chemischen Gesellschaft (A and B
Series) 1932, 65, 1425-1428.
79.

Clar, E., Über die Verteilung der Doppelbindungen in kondensierten aromatischen

Kohlenwasserstoffen (Zur Kenntnis mehrkerniger aromatischer Kohlenwasserstoffe, XII. Mitteil.).
Berichte der deutschen chemischen Gesellschaft (A and B Series) 1932, 65, 503-519.
80.

Clar, E.; John, F., Über eine neue Klasse tiefgefärbter radikalischer Kohlenwasserstoffe

und über das vermeintliche Pentacen von E. Philippi; gleichzeitig Erwiderung auf Bemerkungen
von

Roland

Scholl

und

Oskar

Boettger.

(Zur

Kenntnis

mehrkerniger

aromatischer

Kohlenwasserstoffe und ihrer Abkömmlinge, VII. Mitteil.). Berichte der deutschen chemischen
Gesellschaft (A and B Series) 1930, 63, 2967-2977.
81.

Weitzenböck, R.; Seer, C., Zur Kenntnis des Perylens und seiner Derivate. (2. Mitteilung).

Berichte der deutschen chemischen Gesellschaft 1913, 46, 1994-2000.

58

82.

Dötz, F.; Brand, J. D.; Ito, S.; Gherghel, L.; Müllen, K., Synthesis of Large Polycyclic

Aromatic Hydrocarbons: Variation of Size and Periphery. Journal of the American Chemical
Society 2000, 122, 7707-7717.
83.

Jin, T.; Zhao, J.; Asao, N.; Yamamoto, Y., Metal-Catalyzed Annulation Reactions for π-

Conjugated Polycycles. Chemistry – A European Journal 2014, 20, 3554-3576.
84.

Diels, O.; Alder, K., Synthesen in der hydroaromatischen Reihe. Justus Liebigs Annalen

der Chemie 1928, 460, 98-122.
85.

Diels, O.; Alder, K., Synthesen in der hydro-aromatischen Reihe, II. Mitteilung: Über

Cantharidin. Berichte der deutschen chemischen Gesellschaft (A and B Series) 1929, 62, 554562.
86.

Diels, O.; Alder, K., Synthesen in der hydroaromatischen Reihe. III. Mitteilung: Synthese

von Terpenen, Camphern, hydroaromatischen und heterocyclischen Systemen. Mitbearbeitet von
den Herren Wolfgang Lübbert, Erich Naujoks, Franz Querberitz, Karl Röhl, Harro Segeberg.
Justus Liebigs Annalen der Chemie 1929, 470, 62-103.
87.

Diels, O.; Alder, K., Synthesen in der hydroaromatischen Reihe, V. Mitteilung: Über Δ4-

Tetrahydro-o-phthalsäure (Stellungnahme zu der Mitteilung von E. H. Farmer und F. L. Warren:
Eigenschaften konjugierter Doppelbindungen (VII). Berichte der deutschen chemischen
Gesellschaft (A and B Series) 1929, 62, 2087-2090.
88.

Diels, O.; Alder, K., Synthesen in der hydroaromatischen Reihe, VI. Mitteilung, Kurt Alder

und Gerhard Stein: Über partiell hydrierte Naphtho- und Anthrachinone mit Wasserstoff in γ- bzw.
δ-Stellung. (Mitbearbeitet von Paul Pries und Hans Winckler). Berichte der deutschen
chemischen Gesellschaft (A and B Series) 1929, 62, 2337-2372.

59

89.

Diels, O.; Alder, K., Synthesen in der hydroaromatischen Reihe. VII. Mitteilung.

(Mitbearbeitet von den Harren Ernst Petersen und Franz Querberitz.). Justus Liebigs Annalen der
Chemie 1930, 478, 137-154.
90.

Diels, O.; Alder, K., Synthesen in der hydroaromatischen Reihe. VIII. Mitteilung: Dien-

Synthesen des Anthracens. Anthracen-Formel. Justus Liebigs Annalen der Chemie 1931, 486,
191-202.
91.

Nicolaou, K. C.; Snyder, S. A.; Montagnon, T.; Vassilikogiannakis, G., The Diels–Alder

Reaction in Total Synthesis. Angewandte Chemie International Edition 2002, 41, 1668-1698.
92.

The Diels-Alder Reaction with Maleic Anhydride * Present address, University of Southern

California, Los Angeles, California. In Organic Reactions.
93.

Bhojgude, S. S.; Bhunia, A.; Biju, A. T., Employing Arynes in Diels–Alder Reactions and

Transition-Metal-Free Multicomponent Coupling and Arylation Reactions. Accounts of Chemical
Research 2016, 49, 1658-1670.
94.

Davies, W.; Porter, Q. N., 993. The synthesis of polycyclic aromatic compounds. Part I.

The reaction of quinones with vinylnaphthalenes and related dienes. Journal of the Chemical
Society 1957, 4967-4970.
95.

Clar, E.; Zander, M., 927. Syntheses of coronene and 1 : 2-7 : 8-dibenzocoronene. Journal

of the Chemical Society 1957, 4616-4619.
96.

Naarmann, H.; Hanack, M.; Mattmer, R., A High Yield Easy Method for the Preparation of

Alkoxy-Substituted Triphenylenes. 1994; Vol. 1994, p 477-478.
97.

Grzybowski, M.; Skonieczny, K.; Butenschön, H.; Gryko, D. T., Comparison of Oxidative

Aromatic Coupling and the Scholl Reaction. Angewandte Chemie International Edition 2013, 52,
9900-9930.

60

98.

King, B. T.; Kroulík, J.; Robertson, C. R.; Rempala, P.; Hilton, C. L.; Korinek, J. D.; Gortari,

L. M., Controlling the Scholl Reaction. The Journal of Organic Chemistry 2007, 72, 2279-2288.
99.

Cao, Y.; Wang, X.-Y.; Wang, J.-Y.; Pei, J., Iron(III) Chloride Promoted Cyclization: A Facile

Approach to Polycyclic Aromatics for Functional Materials. Synlett 2014, 25, 313-323.
100.

Kübel, C.; Eckhardt, K.; Enkelmann, V.; Wegner, G.; Müllen, K., Synthesis and crystal

packing of large polycyclic aromatic hydrocarbons: hexabenzo[bc,ef,hi,kl,no,qr]coronene and
dibenzo[fg,ij]phenanthro[9,10,1,2,3-pqrst]pentaphene. Journal of Materials Chemistry 2000, 10,
879-886.
101.

Ono, T.; Xu, N.; Koga, D.; Ideo, T.; Sugimoto, M.; Hisaeda, Y., Gram-scale synthesis of

porphycenes

through

acid-catalyzed

oxidative

macrocyclizations

of

E/Z-mixed

5,6-

diaryldipyrroethenes. RSC Advances 2018, 8, 39269-39273.
102.

Watson, M. D.; Fechtenkötter, A.; Müllen, K., Big Is Beautiful−“Aromaticity” Revisited from

the Viewpoint of Macromolecular and Supramolecular Benzene Chemistry. Chemical Reviews
2001, 101, 1267-1300.
103.

Chaolumen; Murata, M.; Wakamiya, A.; Murata, Y., Unsymmetric Twofold Scholl

Cyclization of a 5,11-Dinaphthyltetracene: Selective Formation of Pentagonal and Hexagonal
Rings via Dicationic Intermediates. Angewandte Chemie International Edition 2017, 56, 50825086.
104.

Rempala, P.; Kroulík, J.; King, B. T., Investigation of the Mechanism of the Intramolecular

Scholl Reaction of Contiguous Phenylbenzenes. The Journal of Organic Chemistry 2006, 71,
5067-5081.
105.

Ames, D. E.; Bull, D., Some reactions of 3-halogenocinnolines catalysed by palladium

compounds. Tetrahedron 1982, 38, 383-387.

61

106.

Rice, J. E.; Cai, Z.-W., A palladium-catalyzed intramolecular arene-triflate coupling for the

synthesis of fluoranthenes and benzofluoranthenes. Tetrahedron Letters 1992, 33, 1675-1678.
107.

Rice, J. E.; Cai, Z. W., An intramolecular arene-triflate coupling reaction for the

regiospecific synthesis of substituted benzofluoranthenes. The Journal of Organic Chemistry
1993, 58, 1415-1424.
108.

Xu, S.; Kim, E. H.; Wei, A.; Negishi, E.-I., Pd- and Ni-catalyzed cross-coupling reactions

in the synthesis of organic electronic materials. Science and technology of advanced materials
2014, 15, 044201-044201.
109.

Wang, L.; Shevlin, P. B., Formation of benzo[ghi]fluoranthenes by palladium catalyzed

intramolecular coupling. Tetrahedron Letters 2000, 41, 285-288.
110.

D Steinberg, B.; Jackson, E.; Filatov, A. S.; Wakamiya, A.; A Petrukhina, M.; Scott, L.,

Aromatic π-Systems More Curved Than C 60 . The Complete Family of All Indenocorannulenes
Synthesized by Iterative Microwave-Assisted Intramolecular Arylations. 2009; Vol. 131, p 1053745.
111.

Wu, T.-C.; Hsin, H.-J.; Kuo, M.-Y.; Li, C.-H.; Wu, Y.-T., Synthesis and Structural Analysis

of a Highly Curved Buckybowl Containing Corannulene and Sumanene Fragments. Journal of the
American Chemical Society 2011, 133, 16319-16321.
112.

Chang, H.-I.; Huang, H.-T.; Huang, C.-H.; Kuo, M.-Y.; Wu, Y.-T., Diindeno[1,2,3,4-

defg;1′,2′,3′,4′-mnop]chrysenes: solution-phase synthesis and the bowl-to-bowl inversion barrier.
Chemical Communications 2010, 46, 7241-7243.
113.

Wegner, H. A.; Reisch, H.; Rauch, K.; Demeter, A.; Zachariasse, K. A.; de Meijere, A.;

Scott, L. T., Oligoindenopyrenes: A New Class of Polycyclic Aromatics. The Journal of Organic
Chemistry 2006, 71, 9080-9087.

62

114.

Campo, M. A.; Larock, R. C., Novel 1,4-Palladium Migration in Organopalladium

Intermediates Derived from o-Iodobiaryls. Journal of the American Chemical Society 2002, 124,
14326-14327.
115.

Campo, M. A.; Huang, Q.; Yao, T.; Tian, Q.; Larock, R. C., 1,4-Palladium Migration via

C−H Activation, Followed by Arylation: Synthesis of Fused Polycycles. Journal of the American
Chemical Society 2003, 125, 11506-11507.
116.

Huang, Q.; Campo, M. A.; Yao, T.; Tian, Q.; Larock, R. C., Synthesis of Fused Polycycles

by 1,4-Palladium Migration Chemistry. The Journal of Organic Chemistry 2004, 69, 8251-8257.
117.

Chung, D. D. L., Review Graphite. Journal of Materials Science 2002, 37, 1475-1489.

118.

Novoselov, K. S.; Geim, A. K.; Morozov, S. V.; Jiang, D.; Zhang, Y.; Dubonos, S. V.;

Grigorieva, I. V.; Firsov, A. A., Electric Field Effect in Atomically Thin Carbon Films. Science 2004,
306, 666-669.
119.

Allen, M. J.; Tung, V. C.; Kaner, R. B., Honeycomb Carbon: A Review of Graphene.

Chemical Reviews 2010, 110, 132-145.
120.

Zhu, J., New solutions to a new problem. Nature Nanotechnology 2008, 3, 528.

121.

Park, S.; An, J.; Piner, R. D.; Jung, I.; Yang, D.; Velamakanni, A.; Nguyen, S. T.; Ruoff, R.

S., Aqueous Suspension and Characterization of Chemically Modified Graphene Sheets.
Chemistry of Materials 2008, 20, 6592-6594.
122.

Nasir,

S.;

Hussein,

M.

Z.;

Zainal,

Z.;

Yusof,

N.

A.,

Carbon-Based

Nanomaterials/Allotropes: A Glimpse of Their Synthesis, Properties and Some Applications.
Materials (Basel, Switzerland) 2018, 11.
123.

Wu, J.; Pisula, W.; Müllen, K., Graphenes as Potential Material for Electronics. Chemical

Reviews 2007, 107, 718-747.

63

124.

Shirakawa, H., The Discovery of Polyacetylene Film: The Dawning of an Era of

Conducting Polymers (Nobel Lecture). Angewandte Chemie International Edition 2001, 40, 25742580.
125.

Heeger, A. J., Semiconducting and Metallic Polymers: The Fourth Generation of Polymeric

Materials (Nobel Lecture). Angewandte Chemie International Edition 2001, 40 (14), 2591-2611.
126.

MacDiarmid, A. G., “Synthetic Metals”: A Novel Role for Organic Polymers (Nobel

Lecture). Angewandte Chemie International Edition 2001, 40, 2581-2590.
127.

Zhou, H.-C.; Long, J. R.; Yaghi, O. M., Introduction to Metal–Organic Frameworks.

Chemical Reviews 2012, 112, 673-674.
128.

Kumar, M.; Kumar, S., Liquid crystals in photovoltaics: a new generation of organic

photovoltaics. Polymer Journal 2016, 49, 85.
129.

Xiao, S.; Myers, M.; Miao, Q.; Sanaur, S.; Pang, K.; Steigerwald, M. L.; Nuckolls, C.,

Molecular Wires from Contorted Aromatic Compounds. Angewandte Chemie International Edition
2005, 44, 7390-7394.
130.

Craats, A. M. v. d.; Warman, J. M.; Fechtenkötter, A.; Brand, J. D.; Harbison, M. A.; Müllen,

K., Record Charge Carrier Mobility in a Room-Temperature Discotic Liquid-Crystalline Derivative
of Hexabenzocoronene. Advanced Materials 1999, 11, 1469-1472.
131.

Herwig, P.; Kayser, C. W.; Müllen, K.; Spiess, H. W., Columnar mesophases of alkylated

hexa-peri-hexabenzocoronenes with remarkably large phase widths. Advanced Materials 1996,
8, 510-513.
132.

Seyler, H.; Purushothaman, B.; Jones, D.; Holmes, A.; Wong, W., Hexa-peri-

hexabenzocoronene in organic electronics. 2012; Vol. 84, p 1047-1067.

64

133.

Ito, S.; Wehmeier, M.; Brand, J. D.; Kübel, C.; Epsch, R.; Rabe, J. P.; Müllen, K., Synthesis

and Self-Assembly of Functionalized Hexa-peri-hexabenzocoronenes. Chemistry – A European
Journal 2000, 6, 4327-4342.
134.

Fechtenkötter, A.; Tchebotareva, N.; Watson, M.; Müllen, K., Discotic liquid crystalline

hexabenzocoronenes carrying chiral and racemic branched alkyl chains: supramolecular
engineering and improved synthetic methods. Tetrahedron 2001, 57, 3769-3783.
135.

Hill, J. P.; Jin, W.; Kosaka, A.; Fukushima, T.; Ichihara, H.; Shimomura, T.; Ito, K.;

Hashizume, T.; Ishii, N.; Aida, T., Self-Assembled Hexa-peri-hexabenzocoronene Graphitic
Nanotube. Science 2004, 304, 1481-1483.
136.

Yamamoto, Y.; Zhang, G.; Jin, W.; Fukushima, T.; Ishii, N.; Saeki, A.; Seki, S.; Tagawa,

S.; Minari, T.; Tsukagoshi, K.; Aida, T., Ambipolar-transporting coaxial nanotubes with a tailored
molecular graphene–fullerene heterojunction. Proceedings of the National Academy of Sciences
2009, 106, 21051-21056.
137.

Zhang, W.; Jin, W.; Fukushima, T.; Ishii, N.; Aida, T., Metal-Ion-Coated Graphitic

Nanotubes:

Controlled

Self-Assembly

of

a

Pyridyl-Appended

Gemini-Shaped

Hexabenzocoronene Amphiphile. Angewandte Chemie International Edition 2009, 48, 47474750.
138.

Jin, W.; Fukushima, T.; Kosaka, A.; Niki, M.; Ishii, N.; Aida, T., Controlled Self-Assembly

Triggered by Olefin Metathesis: Cross-Linked Graphitic Nanotubes from an Amphiphilic Hexaperi-hexabenzocoronene. Journal of the American Chemical Society 2005, 127, 8284-8285.
139.

Mondloch, J. E.; Bury, W.; Fairen-Jimenez, D.; Kwon, S.; DeMarco, E. J.; Weston, M. H.;

Sarjeant, A. A.; Nguyen, S. T.; Stair, P. C.; Snurr, R. Q.; Farha, O. K.; Hupp, J. T., Vapor-Phase
Metalation by Atomic Layer Deposition in a Metal–Organic Framework. Journal of the American
Chemical Society 2013, 135, 10294-10297.

65

140.

Hod, I.; Bury, W.; Gardner, D. M.; Deria, P.; Roznyatovskiy, V.; Wasielewski, M. R.; Farha,

O. K.; Hupp, J. T., Bias-Switchable Permselectivity and Redox Catalytic Activity of a FerroceneFunctionalized, Thin-Film Metal–Organic Framework Compound. The Journal of Physical
Chemistry Letters 2015, 6, 586-591.
141.

Van Wyk, A.; Smith, T.; Park, J.; Deria, P., Charge-Transfer within Zr-Based Metal–

Organic Framework: The Role of Polar Node. Journal of the American Chemical Society 2018,
140, 2756-2760.
142.

Chen, D.; Xing, H.; Wang, C.; Su, Z., Highly efficient visible-light-driven CO2 reduction to

formate by a new anthracene-based zirconium MOF via dual catalytic routes. Journal of Materials
Chemistry A 2016, 4, 2657-2662.
143.

Chen, D.; Xing, H.; Su, Z.; Wang, C., Electrical conductivity and electroluminescence of a

new anthracene-based metal–organic framework with π-conjugated zigzag chains. Chemical
Communications 2016, 52, 2019-2022.

66

CHAPTER 2:
TARGETED SYNTHESIS, MECHANISTIC STUDIES,
AND STRUCTURAL REARRANGEMENTS OF DIBENZO AND
NAPHTHO FLUORANTHENES
A version of this content was previously published and adapted with permission as
Modular

Design

of

Fluorescent

Dibenzo-

and

Naphtho-Fluoranthenes:

Structural

Rearrangements and Electronic Properties. The Journal of Organic Chemistry 2018, 83 (15),
8036-8053. Copyright 2018 American Chemical Society.
High molecular weight polycyclic aromatic hydrocarbons (HMW PAHs) are compounds of
interest because of their widespread use as electronic and optoelectronic materials1-3 and their
negative effect on the environment and human health4-11. Because of their planar aromatic
structures and their tendency towards diverse metabolic transformations, many PAHs and their
metabolites tend to intercalate and interfere with DNA machinery, making them potent
carcinogens.4-12 However, the level of toxicity can vary unpredictably even among structural
isomers, for example within MW = 252, benzo[a]pyrene is highly carcinogenic while perylene is
significantly less so.13-14 The US Environmental Protection Agency (EPA) recommends monitoring
only sixteen PAHs, ranging in molecular weight between 128 (naphthalene) and 276
(benzo[ghi]perylene and indeno[1,2,3-cd]pyrene).15
The European Union includes additional compounds to monitor due to their high toxicity,
including dibenzo[a,l]pyrene, dibenzo[a,i]pyrene and dibenzo[a,e]pyrene. These three isomers of
C24H14 (MW = 302) all have toxicities higher than or equivalent to the most dangerous compounds
on the EPA list and may therefore be subject to further scrutiny.16 This discrepancy between lists
highlights the possibility of overlooking or failing to track hazardous materials, and some work has
focused on identifying other omissions.17-20
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Figure 2-1 Structure of fluoranthene (1) and PAH isomers of MW = 302 prepared in this work. Legend
indicates abbreviations used in this work. Letters in italics indicate edge position according to IUPAC
nomenclature.
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Figure 2-2 General synthetic route for the preparation of dibenzo- and naphtho- fluoranthenes. Aryl
bromides and boronates are shown in Table 1 and Table 2. Reaction conditions. i) Pd(PPh3)4, K2CO3,
toluene/EtOH/H2O, 110 °C. ii) BBr3, CH2Cl2, 0 °C. iii) Tf2O, pyridine, CH2Cl2, 0 °C. iv) Pd2(dba)3, PCy3,
DBU, LiCl, DMF 145 °C.

In one such survey of actual environmental samples, PAHs of MW = 302 were singled out
as a group of isomers having unusually high toxicity.21 Toxicological assessment of specific PAHs
requires isolation of the compound in question.Traditionally, this isolation is performed over
natural samples, consisting of a complex mixture of isomers. Because of their similarity in
molecular structure, separation is extremely difficult via common chromatographic methods, so
establishing a library of standards is not straightforward.22 Instead of purifying from naturally
occurring or shotgun synthesized mixtures, the targeted synthesis of HMW PAHs offers the
advantage of producing analytically pure samples for high quality standards.23
Fluoranthene (1) is one of the PAHs from the EPA’s list and consists of naphthalene and
benzene units fused through a 5-membered ring (Figure 2-1). Our strategy consists of preparing
specific aryl triflate substrates followed by a Pd-catalyzed five-membered ring-closing as the final
synthetic step. This transformation was originally reported by Rice and Cai24 and is based on the
intramolecular ring-closing of aryl triflates in the presence of Pd(PPh3)2Cl2, LiCl, and DBU in
DMF.25 Although this methodology was originally presented more than 20 years ago, its use to
prepare libraries of HMW PAH isomers has not been rigorously explored. As such, in order to
obtain compounds never previously synthesized by this method, novel synthetic adaptations were
required. Additionally, it was found that the original protocol, when applied to more complex
structures, featured low yields due to the appearance of uncyclized side products, and structural
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rearrangements. By optimizing the ring-closing conditions and redesigning certain aryl triflate
substrates prone to reconfiguration, isolated yields of the desired compounds were dramatically
improved.
This chapter presents a general synthetic method towards the targeted synthesis of MW =
302) PAHs that feature the fluoranthene parent structure. Twelve isomers were prepared
according the scheme shown in Figure 2-2 by varying the location of two benzos (or a naphtho)
groups around the fluoranthene backbone. Their structures are shown in Figure 2-1, highlighting
all possible combinations that arise when fusing a naphthyl group with either a phenanthrene or
anthracene to form the fluoranthene backbone. Ring-closing precursors were acquired via Suzuki
coupling of smaller building blocks with alkoxy ethers in strategic positions. These aryl ethers
were then functionalized via triflation, and subsequently Furthermore, during the last synthetic
step, several rearranged products were observed, decreasing the isolated yields of the desired
products. By studying the known pattern by which the palladium migrations, a number of
substrates were able to be redesigned to either take advantage of, or circumvent such
rearrangements. These compounds were prepared in order to understand their structural,
spectroscopic, and electrochemical properties that are discussed in at length in Chapter 3.

2.1

Experimental

All starting materials and solvents, unless otherwise specified, were obtained from
commercial sources (Aldrich, Fisher, VWR) and used without further purification. 1,8diiodonaphthalene26 and (methoxymethyl)triphenyl phoshonium bromide27 were synthesized
according to literature procedures. Anhydrous Tetrahydrofuran (THF), N,N-Dimethlyformamide
(DMF), CH2Cl2 and Toluene were purified using a custom-built alumina column based solvent
purification system (Innovative Technology). Anhydrous pyridine was distilled from NaOH and
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stored over 4A molecular sieves. Deuterated solvents (CDCl3, CD2Cl2, C6D6, CD3CN, and DMSOd6) were obtained from Cambridge Isotope Labs.
High-resolution 1H, and 13C, nuclear magnetic resonance (NMR) spectra were collected
using a Bruker AVANCE-III 400 MHz spectrometer. 1H and 13C chemical shifts are referenced to
TMS as 0 ppm and assigned using the residual solvent signal. 11B chemical shifts are
referenced from BF3·Et2O, as 0 ppm using BF3·Et2O in CDCl3 as an external standard. 19F
chemical shifts are assigned from F2 at 0 ppm using C6F6 in CDCl3 at -163.0 ppm as an internal
standard. Liquid chromatography-mass spectra (LC-MS) were recorded using an Agilent 6230
TOF coupled with an Agilent Zorbax SB-C18 analytical column. Column chromatography was
performed using a Teledyne Isco Combiflash Rf+.

2.1.1 Synthetic Procedures

Figure 2-3 Synthesis of boronic acids 2 and 3.
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1-bromo-2-methoxy naphthalene (S1)28: 2-methoxynaphthalene (2.00 g, 12.6 mmol) and acetic
acid (18 mL) were loaded in a 50 mL round bottom flask equipped with a magnetic stirbar. Br2
(2.12 g, 13.3 mmol) was dissolved in acetic acid (5.0 mL) and added dropwise to the 2methoxynaphthalene solution over 30 min using a 100 mL addition funnel. Reaction mixture was
stirred for 1 h monitored by TLC until the starting material was no longer observed until the starting
material was no longer observed, and poured over water (40 mL) observing the formation of a
white precipitate. The solid was isolated via filtration, rinsed with water (40 mL) and recrystallized
in EtOH yielding compouned S1 a white crystalline solid. Yield: 1.90 g (63%). 1H NMR (400 MHz,
CDCl3, 25 °C) δ 8.24 (d, J = 8.6 Hz, 1H), 7.83 (d, J = 8.9 Hz, 1H), 7.80 (d, J = 8.1 Hz, 1H), 7.58
(ddd, J = 8.4, 6.8, 1.3 Hz, 1H), 7.41 (ddd, J = 8.1, 6.8, 1.2 Hz, 1H), 7.28 (d, J = 9.0 Hz, 1H).13C
NMR (100 MHz, CDCl3, 25 °C) δ 154.13, 133.50, 130.19, 129.34, 128.41, 128.11, 126.49, 124.69,
113.98, 109.03, 57.43. HRMS (ESI-TOF) m/z calculated for C11H9OBr [M+H]+: 236.9910, found
236.9933.

2-methoxy-1-naphthyl boronic acid (2)28: Compound S1 (1.50 g, 6.32 mmol) was loaded into
an oven-dried 50 mL Schlenk flask equipped with a magnetic stirbar. The flask was evacuated to
an internal pressure of 100 mtorr and backfilled with N2 three times. Anhydrous THF (20 mL) was
added via syringe under N2, the flask was cooled to -78 °C in a dry ice/acetone bath, and stirred
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for 20 min after which n-BuLi (3.29 mL, 8.22 mmol, 2.5 M in hexanes) was added dropwise and
stirred for 30 min at -78 °C. B(OiPr)3 (2.00 mL, 8.85 mmol) was added dropwise and stirred for 12
h allowing the flask to warm to room temperature. 1 M HCl (20 mL) was added and the mixture
and stirred at room temperature for 1 h, after which it was extracted with EtOAc (3 × 50 mL). The
combined organic extracts were rinsed with water (100 mL), brine (100 mL), dried over Na 2SO4
and filtered. The solvent was removed under reduced pressure at 45 °C in a rotary evaporator.
The residue was washed in refluxing hexanes and filtered, yielding 2 as a white solid. Yield: 1.02
g (80%). 1H NMR (400 MHz, CD3CN, 25 °C) δ 8.03 (d, J = 1.2 Hz, 1H), 7.91 (d, J = 9.0 Hz, 1H),
7.80 (d, J = 0.7 Hz, 1H), 7.45 (ddd, J = 8.4, 6.8, 1.4 Hz, 2H), 7.36 (d, J = 9.1 Hz, 2H), 7.33 (ddd,
J = 8.1, 6.8, 1.2 Hz, 1H).

C NMR (100 MHz, CD3CN, 25 °C) δ 161.49, 137.46, 131.94, 129.93,
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129.02, 128.31, 127.27, 124.30, 114.02, 56.94, 1.88, 1.68, 1.47, 1.26, 1.06, 0.85, 0.64. 11B NMR
(128 MHz, CD3CN, 25 °C) δ 31.39. HRMS (ESI-TOF) m/z calculated for C11H11BO3 [M+H]+:
203.0874, found 203.0853.

3-methoxy-2-naphthyl boronic acid (3)28: 2-methoxy naphthalene (1.0 g, 6.32 mmol) was
loaded into an oven-dried 50 mL Schlenk flask equipped with a magnetic stirbar. The flask was
evacuated to an internal pressure of 100 mtorr and backfilled with N2 three times. Anhydrous THF
(40 mL) was added via syringe under N2, the flask was cooled to 0 °C in an ice bath, and stirred
for 20 min before n-BuLi (4.70 mL, 11.7 mmol, 2.5 M in hexanes) was added dropwise over 5-10
min. The flask was kept at this temperature for 2 h before B(OiPr)3 (5.39 mL, 19.6 mmol) was
added dropwise at 0 °C and stirred for 12 h allowing the flask to warm to room temperature. 1 M
HCl (20 mL) was added and the mixture was stirred at room temperature for 1 h, after which it
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was extracted with EtOAc (3 × 50 mL). The combined organic extracts were rinsed with water
(100 mL), brine (100 mL), dried over Na2SO4 and filtered. The solvent was removed under
reduced pressure at 45 °C in a rotary evaporator. The residue was washed in refluxing hexanes
and filtered, yielding compound 3 as a white solid. Yield: 0.904 g (70%). 1H NMR (400 MHz,
CD3CN, 25 °C) δ 8.32 (s, 1H), 7.86 (d, J = 8.1 Hz, 1H), 7.78 (d, J = 8.2 Hz, 1H), 7.49 (ddd, J =
8.2, 6.8, 1.3 Hz, 1H), 7.36 (ddd, J = 8.1, 6.8, 1.2 Hz, 1H), 6.50 (s, 2H), 3.99 (s, 3H). 13C NMR (100
MHz, CD3CN, 25 °C) δ 162.39, 138.94, 137.16, 129.57, 129.26, 128.50, 127.42, 124.81, 105.84,
56.21.

B NMR (128 MHz, CD3CN, 25 °C) δ 29.64. HRMS (ESI-TOF) m/z calculated for
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C11H11BO3 [M+H]+: 203.0874, found 203.0862.

Figure 2-4 Synthesis of boronic acids 4 and 5.

1-hydroxy-2-bromo naphthalene (S2)29: 1-hydroxynaphthalene (2.50 g, 17.4 mmol) was loaded
into a 500 mL Schlenk flask equipped with a magnetic stirbar and a 250 mL addition funnel capped
with a glass stopcock. Separately, N-Bromosuccinimide (3.24 g, 18.2 mmol) was loaded into a
250 mL Schlenk flask equipped with a magnetic stirbar. Both flasks were evacuated to an internal
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pressure of 100 mtorr and backfilled with N2 three times. Anhydrous CH2Cl2 (70 mL) and
diisopropylamine (175 mg, 1.74 mmol) were injected to the flask containing 6 which was then
cooled to 0 °C in an ice-water bath. The NBS was dissolved in anhydrous CH2Cl2 (110 mL) and
subsequently transferred to the addition funnel via syringe. The NBS solution was then added
dropwise to the solution of 1-hydroxynaphthalene over 30 mins. The reaction was then warmed
to RT and stirred overnight. The mixture was quenched by 3 M H 2SO4 (100 mL) and extracted
with CH2Cl2 (3 × 50 mL). The combined organic extract was rinsed with water (200 mL), brine
(200 mL), dried over Na2SO4 and filtered. The solvent was removed under reduced pressure at
45 °C in a rotary evaporator. The residue was purified via column chromatography (SiO 2, 15%
CH2Cl2: Hexanes) yielding S2 as a white solid. Yield: 3.32 g (86%). 1H NMR (400 MHz, CDCl3, 25
°C) δ 8.27 – 8.20 (m, 1H), 7.81 – 7.75 (m, 1H), 7.56 – 7.49 (m, 2H), 7.48 (d, J = 8.8 Hz, 1H), 7.32
(d, J = 8.9 Hz, 1H), 5.97 (s, 1H).

C NMR (100 MHz, CDCl3, 25 °C) δ 148.31, 133.87, 128.48,
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127.72, 126.98, 126.24, 124.54, 122.43, 121.48, 104.09. HRMS (ESI-TOF) m/z calculated for
C10H7OBr [M+H]+: 222.9753, found 222.9738.

1-methoxy-2-bromo-naphthalene (S3): Compound S2 (1.50 g, 6.72 mmol) and K2CO3 (2.97 g,
21.5 mmol) were loaded into an oven-dried 50 mL Schlenk flask equipped with a magnetic stirbar.
The flask was evacuated to an internal pressure of 100 mtorr and backfilled with N 2 three times.
Anhydrous DMF (15 mL) was added via syringe under N2 and stirred for 20 min at room
temperature. MeI (3.05 g, 21.5 mmol) was added via syringe under N2 and the reaction was
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heated to 60 °C for 1 h, monitored by TLC until the starting material was no longer observed until
the starting material was no longer observed. The reaction was cooled to room temperature, water
(50 mL) was added and the reaction was stirred for an additional 30 min. The crude mixture
separates as a pink oil that was isolated using a separatory funnel. The oil was dissolved in EtOAc
(30 mL), rinsed with water (2 × 50 mL), brine (50 mL), dried over Na2SO4 and filtered. The solvent
was removed under reduced pressure at 45 °C in a rotary evaporator. The residue was purified
via column chromatography (SiO2, 5% EtOAc:hexanes) yielding S3 as a light pink oil. Yield: 1.44
g (90%). (400 MHz, CDCl3, 25 °C) δ 8.17 – 8.11 (m, 1H), 7.86 – 7.80 (m, 1H), 7.61 – 7.56 (m,
1H), 7.56 – 7.49 (m, 3H), 4.02 (s, 3H). 13C NMR (100 MHz, CDCl3, 25 °C) δ 153.29, 134.12,
130.23, 129.16, 128.17, 126.88, 126.68, 125.40, 122.21, 112.80, 61.58. HRMS (ESI-TOF) m/z
calculated for C11H9OBr [M+H]+: 236.9910, found 237.0011.

1-methoxy-2-naphthalenyl boronic acid (9)29: Compound 8 (1.50 g, 6.32 mmol) was loaded
into an oven-dried 50 mL Schlenk flask equipped with a magnetic stirbar. The flask was evacuated
to an internal pressure of 100 mtorr and backfilled with N2 three times. Anhydrous THF (20 mL)
was added via syringe under N2, the flask was cooled to -78 °C in a dry ice/acetone bath, and
stirred for 20 min before n-BuLi (3.29 mL, 8.22 mmol, 2.5 M in hexanes) was added dropwise and
stirred for 30 min at -78 °C. B(OiPr)3 (2.04 mL, 8.85 mmol) was added dropwise and stirred for 12
h allowing the flask to warm to room temperature. 1 M HCl (20 mL) was added and the mixture
was stirred at room temperature for 1 h, after which it was extracted with EtOAc (3 × 50 mL). The
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combined organic extracts were rinsed with water (100 mL), brine (100 mL), dried over Na 2SO4
and filtered. The solvent was removed under reduced pressure at 45 °C in a rotary evaporator.
The residue was recrystallized from EtOAc:hexanes yielding S5 as a white solid. Yield: 0.98 g
(77% yield). 1H NMR (400 MHz, CD3CN, 25 °C) δ 8.20 – 8.08 (m, 1H), 7.96 – 7.87 (m, 1H), 7.76
(d, J = 8.3 Hz, 1H), 7.66 (ddd, J = 8.3, 0.9, 0.4 Hz, 1H), 7.62 – 7.50 (m, 2H), 6.57 (s, 2H), 3.99 (s,
3H). 13C NMR (100 MHz, CD3CN, 25 °C) δ 164.02, 137.78, 131.97, 129.05, 128.31, 127.89,
127.10, 124.64, 123.26, 64.23. 11B NMR (128 MHz, CD3CN) δ 29.97. HRMS (ESI-TOF) m/z
calculated for C11H11BO3 [M+H]+: 203.0874, found 203.0884.

4,4,5,5-tetramethyl-2-(1-naphthalenyl)-1,3,2 dioxaborolane (5):

An oven-dried 500 mL

Schlenk flask equipped with a magnetic stirbar was evacuated to an internal pressure of 100 mtorr
and backfilled with N2 three times. 1-bromonaphthalene (5.00 g, 24.1 mmol) and anhydrous THF
(160 mL) was added via syringe under N2, the flask was cooled to -78 °C in a dry ice/acetone
bath, and stirred for 20 min before n-BuLi (11.6 mL, 25.0 mmol, 2.5 M in hexanes) was added
dropwise and stirred for 1 h at -78 °C. 2-Isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (6.40
mL, 31.4 mmol) was added dropwise and stirred for 12 h allowing the flask to warm to room
temperature. The flask was then cooled to 0 °C in an ice-water bath, water (200 mL) was added
and the mixture was stirred at room temperature for 1 h, after which it was extracted with EtOAc
(3 × 70 mL). The combined organic extracts were rinsed with water (100 mL), brine (100 mL),
dried over Na2SO4 and filtered. The solvent was removed under reduced pressure at 45 °C in a
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rotary evaporator. The residue was recrystallized from MeOH yielding 5 as an oily white solid.
Yield: 4.48 g (73% yield). 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.77 (d, J = 8.5 Hz, 1H), 8.09 (d, J
= 6.8Hz, 1H), 7.94 (d, J = 8.1 Hz, 1H), 7.84 (d, J = 8.1 Hz, 1H), 7.54 (d, J = 8.4 Hz, 1H), 7.51 –
7.43 (m, 2H), 1.43 (s, 12H). 13C NMR (100 MHz, CDCl3, 25 °C) δ 137.06, 135.78, 133.34, 131.73,
128.55, 128.47, 126.46, 125.61, 125.10, 83.87, 77.16, 25.12. 11B NMR (128 MHz, CD3CN, 25 °C)
δ 32.50. HRMS (ESI-TOF) m/z calculated for C16H19BO2 [M+H]+: 255.1589, found 255.1554.

Figure 2-5 Synthesis of Boronate Ester 6

1-iodo-8-methoxynaphthalene (S4): Sodium hydride (0.82 g, 20.4 mmol, 60 wt% in oil) was
loaded into an oven-dried 200 mL Schlenk flask equipped with a magnetic stirbar and reflux
condenser. The flask was evacuated to 100 mtorr, backfilled with N2 three times, and cooled to 0
°C in an ice-water bath. Anhydrous methanol (80 mL) was then added via syringe very slowly,
observing the evolution of H2 gas bubbles before warming the apparatus to room temperature.
Solid compound 1,8-diiododnaphthalene (3.10 g, 8.16 mmol) and CuBr (234 mg, 1.63 mmol) were
added under positive N2 flow and the reaction mixture was heated in a pre-warmed oil bath to 80
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°C for 25 minutes, monitored closely by TLC to minimize the formation of di-substituted product.
The flask was cooled to room temperature, water (50 ml) was added, and the resulting solution
was extracted with CH2Cl2 (3 x 50 mL). The combined organic phase was rinsed with water (2 x
50 mL), brine (50 mL), dried over Na2SO4, and filtered. The solvent was removed under reduced
pressure in a rotary evaporator at 45 °C and the residue was purified via column chromatography
(15% CH2Cl2: Hexanes) yielding S4 as a white solid. Yield: 1.72 g, 74%. 1H NMR (400 MHz,
CDCl3, 25 °C) δ 8.19 (dd, J = 7.4, 1.2 Hz, 1H), 7.77 (ddd, J = 8.1, 1.2, 0.3 Hz, 1H), 7.46 – 7.37
(m, 2H), 7.05 (dd, J = 8.2, 7.4 Hz, 1H), 6.96 – 6.88 (m, 1H), 3.96 (d, J = 0.4 Hz, 3H).
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C NMR

(100 MHz, CDCl3, 25 °C) δ 154.64, 141.30, 136.47, 129.10, 127.35, 126.60, 125.55, 121.86,
106.85, 85.72, 55.19. HRMS (ESI-TOF) m/z calculated for C11H9OI [M+H]+ : 284.9771, found
284.9824.

4,4,5,5-tetramethyl-2-[1-(8-methoxynaphthalen)yl]-1,3,2-dioxaborolane (6): Compound 6
was synthesized according to the procedure for 5 from compound S4 (1.70 g, 5.98 mmol), nbutyllithium (2.49 mL, 6.22 mmol, 2.5 M in hexanes), 2-Isopropoxy-4,4,5,5-tetramethyl-1,3,2dioxaborolane (1.59 mL, 7.77 mmol), and THF (40 mL). Crude residue was purified via
recrystallization in ethanol yielding 6 as a white solid. Yield: 1.33 g, 78%. 1H NMR (400 MHz,
CDCl3, 25 °C) δ 7.79 (ddd, J = 8.1, 1.4, 0.4 Hz, 1H), 7.52 (dd, J = 6.8, 1.4 Hz, 1H), 7.45 (dd, J =
8.1, 6.8 Hz, 1H), 7.41 (ddd, J = 8.2, 1.2, 0.4 Hz, 1H), 7.36 (dd, J = 8.2, 7.5 Hz, 1H), 6.83 (dd, J =
7.5, 1.2 Hz, 1H).

C NMR (100 MHz, CDCl3, 25 °C) δ 155.92, 134.47, 130.36, 128.95, 127.72,
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125.96, 125.94, 121.35, 104.91, 83.93, 55.90, 25.49. HRMS (ESI-TOF) m/z calculated for
C11H9OI [M+H]+ : 284.9771, found 284.9824.

Figure 2-6 Synthesis of Aryl Bromides 8 and 9.

2-methoxy anthracene (S5)30: A 500 mL round-bottom flask equipped with a magnetic stirbar
was loaded with sodium borohydride (6.1 g, 161 mmol) and dissolved in 130 mL of 1 M aqueous
sodium carbonate. 2- Hydroxy- 9,10-anthracenedione (2.89 g, 12.6 mmol) was added to the
solution in small portions, causing the evolution of thick green bubbles, small amounts of ethanol
was used to disperse the bubble from escaping the flask during the addition. Once the addition
was complete, the reaction was stirred at room temperature for 2 hours, then heated to 80 °C for
6 h, monitored by TLC until the starting material was no longer observed. The reaction contents
was then poured into a 1 L Erlenmeyer flask and neutralized by the slow addition of 3 M HCl until
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bubbles no longer evolve, precipitating a light green solid, which was then extracted with ethyl
acetate (3 x 100 mL). The organic phase was combined, rinsed with water (100 mL), brine (100
mL), dried over Na2SO4, and filtered. The solvent was removed under reduced pressure at 50 °C
in a rotary evaporator, resulting in a dark red-brown solid (2.42 g) that was used in the subsequent
steps without further purification or characterization. Crude 2-hydroxy anthracene (2.42 g, 12.5
mmol) and K2CO3 (5.17 g, 37.4 mmol) were loaded into an oven-dried 100 mL Schlenk flask
equipped with a magnetic stirbar. The flask was evacuated to an internal pressure of 100 mtorr
and backfilled with N2 three times. Anhydrous DMF (25 mL) was added via syringe under N2 and
stirred for 20 min at room temperature. MeI (3.05 g, 21.5 mmol) was added via syringe under N 2
and the reaction was heated to 60 °C for 1 h, monitored by TLC until the starting material was no
longer observed. The reaction was cooled to room temperature, water (50 mL) was added and
the reaction was stirred for an additional 30 min. The crude product precipitates as a dark red
solid that was isolated via filtration, washed with water, and dissolved in CH2Cl2 (100 mL). The
organic phase was then rinsed with water (2 × 50 mL), brine (50 mL), dried over Na 2SO4 and
filtered. The solvent was removed under reduced pressure at 45 °C in a rotary evaporator and
the residue was purified via column chromatography (15% DCM:Hexanes) yielding compound S5
as a white solid. Yield: 1.17 g (45%). 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.36 (s, 1H), 8.29 (s,
1H), 8.00 – 7.93 (m, 2H), 7.93 – 7.88 (m, 1H), 7.48 – 7.39 (m, 2H), 7.21 (d, J = 2.5 Hz, 1H), 7.17
(dd, J = 9.1, 2.5 Hz, 1H), 3.98 (s, 3H). 13C NMR (100 MHz, CDCl3, 25 °C) δ 157.30, 132.83, 132.32,
130.48, 129.96, 128.41, 128.37, 127.71, 126.35, 125.65, 124.56, 124.30, 120.69, 103.69, 77.16,
55.40. HRMS (ESI-TOF) m/z calculated for C15H12O [M]+: 208.0882, found 208.0882.
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2-methoxy-3-bromo anthracene (15)31: Compound S5 (1.00 g, 4.80 mmol) was loaded into an
oven-dried 100 mL Schlenk flask equipped with a magnetic stirbar. The flask was evacuated to
an internal pressure of 100 mtorr and backfilled with N2 three times. Anhydrous THF (20 mL) was
added via syringe under N2 and the flask was cooled to 0 °C in ice/water bath for 20 min before
n-butyllithium (3.29 mL, 8.22 mmol, 2.5 M in hexanes) was added dropwise over 5-10 min.
Subsequently, the reaction mixture was warmed to room temperature for 2 h during which the
solution turned a dark blue. The reaction was cooled to -78 °C, stirred for 20 minutes before
adding 1,2-dibromoethane (0.75 mL, 8.67 mmol) dropwise causing the solution to become
colorless. The solution was then warmed to room temperature and left stirring for 12 h. Water (20
mL) was added and the resulting solution was extracted with CH2Cl2 (3 x 20 mL). The combined
organic phase was rinsed with water (40 mL), brine (40 mL), dried over Na2SO4, and filtered. The
solvent was removed under reduced pressure at 45 °C in a rotary evaporator and the residue was
purified via column chromatography (15% DCM:Hexanes) yielding 8 as an off-white solid. Yield:
1.23 g (89%). 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.26 (s, 2H), 8.24 (s, 1H), 7.99 – 7.91 (m, 2H),
7.50 – 7.40 (m, 2H), 7.24 (s, 1H), 4.04 (d, J = 0.4 Hz, 3H). 13C NMR (100 MHz, CDCl3, 25 °C) δ
153.06, 132.63, 132.38, 131.62, 130.86, 128.64, 128.35, 127.79, 125.99, 125.42, 125.13, 124.46,
114.90, 105.08, 77.16, 56.36. HRMS (ESI-TOF) m/z calculated for C15H11OBr [M]+: 285.9987,
found 286.0011.
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2-methoxymethoxy anthracene (S6)30: Crude 2-hydroxy anthracene was prepared via the same
method as that of compound S5. Sodium hydride (772 mg, 19.3 mmol, 60 wt% dispersed in oil)
and crude 2-hydroxy anthracene (1.50 g, 7.72 mmol) were loaded separately into two 50 mL
Schlenk flasks equipped with magnetic stirbars. The flasks were evacuated to an internal pressure
of 100 mtorr and backfilled with N2 three times. Anhydrous THF (15 mL) was added via syringe
under N2 to both flasks. The sodium hydride dispersion was then cooled to 0 °C, in an ice-water
bath, for 20 minutes before the solution of 2-hydroxy anthracene was very slowly added via
syringe causing the evolution of H2 gas bubbles. Once the addition was complete, the flask was
warmed to room temperature for 1 h, before being cooled once again to 0 °C. Bromomethyl ether
(1.26 mL, 15.4 mmol) was then added dropwise before warming the reaction to room temperature
and left to stir for 8 h. Water (20 mL) was then added very slowly, neutralizing the remaining
sodium hydride, and the resulting mixture was extracted with CH2Cl2 (3 x 25 mL). The combined
organic phase was then rinsed with water (2 x 30 mL), brine (30 mL), dried over sodium sulfate,
and filtered. The solvent was removed under reduced pressure at 45 °C in a rotary evaporator
and the residue was purified via column chromatography (20% DCM: Hexanes) yielding S6 as an
off-white solid. Yield: 754 mg, 41%. 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.36 (s, 1H), 8.29 (s, 1H),
7.99 – 7.89 (m, 3H), 7.51 – 7.47 (m, 1H), 7.47 – 7.38 (m, 2H), 7.22 (dd, J = 9.1, 2.4 Hz, 1H), 5.35
(s, 2H), 3.56 (s, 3H). 13C NMR (100 MHz, CDCl3, 25 °C) δ 154.59, 132.63, 132.28, 130.72, 130.03,
128.69, 128.35, 127.85, 126.31, 125.66, 124.84, 124.75, 120.59, 108.04, 94.65, 77.16, 56.36.
HRMS (ESI-TOF) m/z calculated for C16H14O2 [M]+: 238.0988, found 238.1007.
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1-bromo-2-methoxymethoxy anthracene (9)32: Compound S6 (750 mg, 3.14 mmol) was loaded
into an oven-dried 50 mL Schlenk flask equipped with a magnetic stirbar. The flask was evacuated
to an internal pressure of 100 mtorr and backfilled with N2 three times. Anhydrous diethyl ether
(12.5 mL) and N,N,N’,N’-tetramethylethylenediamine (TMEDA, 0.56 mL, 3.77 mmol) was added
via syringe under N2 before cooling the flask to 0 °C for 20 minutes. Next, n-BuLi (1.5 mL, 3.77
mmol, 2.5 M in hexanes) was added dropwise and the reaction was kept at 0 °C for 2 h. 1,2Dibromo-1,1,2,2-tetrafluoroethane (0.68 mL, 5.65 mmol) was added dropwise at 0 °C and
subsequently warmed to RT for 8 h. Water (15 mL) was added and resulting solution was
extracted with DCM (3 x 20 mL). The combined organic phase was rinsed with water (30 mL),
brine (30 mL), dried over Na2SO4 and filtered. The solvent was removed under reduced pressure
at 45 °C in a rotary evaporator resulting in a red oily solid which was initially washed in refluxing
hexanes, dissolving most of the product and causing the remaining starting material and side
products to remain in solid form. The filtrate was collected and purified via column
chromatography (5% EtOAc: hexanes) yielding 9 as a white solid. Yield: 526 mg, 53%. (Note: this
product decomposes quickly when in solid form even when stored under N2 or high vacuum. It
should be stored in solution or used immediately in the subsequent step). 1H NMR (400 MHz,
CDCl3, 25 °C) δ 8.79 (t, J = 0.9 Hz, 1H), 8.41 – 8.38 (m, 1H), 8.08 – 8.04 (m, 1H), 8.01 – 7.94 (m,
2H), 7.54 – 7.43 (m, 3H), 5.40 (s, 2H), 3.62 (s, 3H). 13C NMR (100 MHz, CDCl3, 25 °C) δ 151.32,
132.81, 131.09, 130.98, 129.62, 129.27, 128.47, 128.04, 127.06, 126.32, 125.66, 125.20, 117.92,
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109.44, 95.84, 77.16, 56.83. HRMS (ESI-TOF) m/z calculated for C16H13O2Br [M]+: 316.0093,
found 316.0147.

Figure 2-7 Synthesis of Aryl Bromide 11

9-ethoxy phenanthrene (S7): 9-bromophenanthrene (4.00 g, 15.6 mmol) and copper(I) iodide
(297 mg, 1.56 mmol) was loaded into a 200 mL Schlenk flask equipped with a magnetic stirbar.
The flask was evacuated to an internal pressure of 100 mtorr and backfilled with N2 three times.
A 1 M solution of lithium ethoxide (47 mL) was added via syringe and the reaction was heated to
90 °C for 48 h, monitored by TLC. The flask was cooled to room temperature and water (50 mL)
was added before extracting with CH2Cl2 (3 x 50 mL). The combined organic phase was rinsed
with water (2 x 50 mL), brine (50 mL), dried over Na2SO4 and filtered. The solvent was removed
under reduced pressure at 45 °C in a rotary evaporator and the residue was purified via column
chromatography (Hexanes) yielding 16 as a colorless oil. Yield: 2.18 g, 63%. 1H NMR (400 MHz,
CDCl3, 25 °C) δ 8.66 (ddt, J = 8.2, 1.3, 0.6 Hz, 1H), 8.59 (dd, J = 7.8, 1.3 Hz, 1H), 8.42 (dd, J =
8.0, 1.6 Hz, 1H), 7.80 – 7.74 (m, 1H), 7.68 (ddd, J = 8.3, 7.0, 1.6 Hz, 1H), 7.63 (ddd, J = 8.2, 7.0,
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1.4 Hz, 1H), 7.58 – 7.45 (m, 2H), 6.98 (s, 1H), 4.44 – 4.25 (q, J = 7.6 Hz, 2H), 1.61 (t, J = 7.0 Hz,
3H). 13C NMR (100 MHz, CDCl3, 25 °C) δ 152.96, 133.17, 131.39, 127.38, 127.19, 126.96, 126.85,
126.52, 126.43, 124.23, 122.77, 122.62, 102.72, 77.16, 63.74, 14.96. HRMS (ESI-TOF) m/z
calculated for C16H14O [M]+: 222.1039, found 222.1064.

9-ethoxy-10-bromo phenanthrene (11): Compound S7 (2.00 g, 9.0 mmol) and Nbromosuccinimide (1.92 g, 10.8 mmol) was loaded into a 200 mL Schlenk flask equipped with a
magnetic stirbar. The flask was evacuated to an internal pressure of 100 mtorr and backfilled with
N2 three times. Anhydrous CH2Cl2 (75 mL) and diisopropylamine (0.13 mL, 0.90 mmol) were
added via syringe under N2 before heating the reaction mixture to 55 °C for 2 h, monitored by TLC
until the starting material was no longer observed. The flask was cooled to room temperature and
water (50 mL) was added, the resulting mixture was then extracted with CH2Cl2 (3 x 40 mL). The
combined organic phase was washed with water (2 x 50 mL), brine (50 mL), dried over Na 2SO4
and filtered. The solvent was removed under reduced pressure at 45 °C in a rotary evaporator
and the residue was purified via column chromatography (5% EtOAc: Hexanes) yielding 11 as a
white solid. Yield: 2.58 g, 95%. 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.70 – 8.63 (m, 2H), 8.42 –
8.38 (m, 1H), 8.24 (ddd, J = 7.8, 1.6, 0.6 Hz, 1H), 7.74 – 7.62 (m, 4H), 4.24 (q, J = 7.0 Hz, 2H),
1.63 (t, J = 7.0 Hz, 3H).

C NMR (100 MHz, CDCl3, 25 °C) δ 151.44, 131.23, 131.04, 129.10,
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128.64, 127.97, 127.81, 127.53, 127.38, 126.52, 123.24, 123.16, 122.75, 114.24, 77.16, 70.00,
15.88. HRMS (ESI-TOF) m/z calculated for C16H13OBr [M]+: 300.0144, found 300.0150.
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Figure 2-8 Synthesis of Aryl Bromides 12 and 13

1-bromo-2-hydroxy naphthalene (S8): 2-hydroxy naphthalene (5.00 g, 34.7 mmol) and Nbromosuccinimide (6.48 g, 36.4 mmol) were loaded into a 500 mL round-bottom flask equipped
with a magnetic stirbar. Acetonitrile (175 mL) was added and the reaction mixture was stirred at
room temperature until the solids dissolve. Ammonium acetate (270 mg, 3.5 mmol) was added
and the reaction was stirred at room temperature for 20 minutes, monitored by TLC until the
starting material was no longer observed. The solvent of the reaction mixture was removed under
reduced pressure in a rotary evaporator at 50 °C until approximately 25-50 mL, water (75 mL)
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was then added and the resulting mixture was extracted with CH2Cl2 (3 x 75 mL). The combined
organic phase was washed with water (2 x 50 mL), brine (50 mL), dried over Na2SO4 and filtered.
The solvent was removed under reduced pressure in a rotary evaporator and the crude was
purified via column chromatography (15% DCM: Hexanes) yielding in S8 as a white solid. Yield:
6.89 g, 89%. 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.04 (dd, J = 8.5, 1.4 Hz, 1H), 7.79 (dd, J = 8.2,
1.2 Hz, 1H), 7.75 (d, J = 8.8 Hz, 1H), 7.58 (ddd, J = 8.3, 6.9, 1.3 Hz, 1H), 7.40 (ddd, J = 8.1, 6.9,
1.1 Hz, 1H), 7.27 (d, J = 9.0 Hz, 1H), 5.92 (s, 1H). 13C NMR (100 MHz, CDCl3, 25 °C) δ 150.73,
132.44, 129.84, 129.48, 128.36, 127.99, 125.47, 124.29, 117.30, 106.28, 77.48, 77.16, 76.84.
HRMS (ESI-TOF) m/z calculated for C10H7OBr [M+H]+: 222.9753, found 222.9774

1-bromo-2-naphthyl trifluoromethanesulfonate (S9): Compound S8 (2.5 g, 11.2 mmol) was
loaded in an oven-dried 200 mL Schlenk flask equipped with a magnetic stirbar. The flask was
evacuated to an internal pressure of 100 mtorr and backfilled with N2 three times. Anhydrous
CH2Cl2 (55 mL) and anhydrous pyridine (1.80 mL, 22.4 mmol) were added via syringe under N2
and the reaction vessel was cooled to 0 °C in an ice/water bath for 10 minutes.
Trifluoromethylsulfonic anhydride (2.8 mL, 16.8 mmol) was added dropwise via syringe over the
course of 5 min. under N2 and the flask was stirred for 2 h allowing it to warm to room temperature,
monitored by TLC until the starting material was no longer observed. The reaction was cooled to
0 °C, water (30 mL) was added and reaction mixture was extracted with CH2Cl2 (3 × 30 mL). The
combined organic extracts were rinsed with water (50 mL), brine (50 mL), dried over Na2SO4, and
filtered. The solvent was removed under reduced pressure in a rotary evaporator at 45 °C and
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purified via column chromatography (20% DCM: Hexanes) yielding S9 as an orange oil. Yield:
3.66 g, 92%. 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.32 (d, J = 8.5 Hz, 1H), 7.91 – 7.87 (m, 1H),
7.70 (ddd, J = 8.4, 6.9, 1.3 Hz, 1H), 7.62 (ddd, J = 8.1, 6.9, 1.2 Hz, 1H), 7.44 (d, J = 9.1 Hz, 1H).
C NMR (100 MHz, CDCl3, 25 °C) δ 145.18, 133.15, 132.81, 129.86, 128.92, 128.49, 127.92,
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127.86, 123.63, 120.44, 120.06, 118.85 (CF3, d, J = 320.5 Hz), 117.25, 116.32, 114.07. 19F NMR
(376 MHz, CDCl3) δ -76.55. HRMS (ESI-TOF) m/z calculated for C11H6 BrF3O3S [M-H]-: 352.9100,
found 352.9105.

4-hydroxy phenanthrene and 1-hydroxy phenanthrene (S10 and S11)33: Compound S9 (3.0
g, 8.45 mmol) was loaded in an oven-dried 100 mL Schlenk flask equipped with a magnetic stirbar.
The flask was evacuated to an internal pressure of 100 mtorr and backfilled with N 2 three times.
Anhydrous THF (22 mL) and furan (6.2 mL, 84.5 mmol) were added via syringe under N2, the
flask was cooled to -78 °C in a dry ice/acetone bath, before n-BuLi (3.7 mL, 9.30 mmol) was
added dropwise over 10-15 minutes. The flask was then warmed to RT and stirred for 12 h.
Concentrated HCl (3.3 mL) was added via syringe under nitrogen and the reaction was heated to
60 °C for 2 h. The flask was cooled to room temperature, water (50 mL) was added, and the
resulting mixture was extracted with ethyl acetate (3 x 25 mL). The combined organic phase was
rinsed with water (2 x 30 mL), brined (30 mL), dried over Na2SO4, and filtered. The solvent was
removed under reduced pressure in a rotary evaporator at 45 °C and purified via column
chromatography yielding S10 and S11 white solids. (Note: for the eventual preparation of 14 and
15, compounds S10 and S11 can be eluted as a 4:1 mixture in 5% EtOAc: Hexanes. For the
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preparation of compounds 16 and 17, S10 and S11 can be isolated in 20% DCM:Hexanes).
Yield(S10/S11 mixture): 1.28 g, 78%. Yield(S10 isolated): 0.85 g, 52%. 1H NMR (400 MHz, CDCl3,
25 °C) δ 9.66 (d, J = 8.5 Hz, 1H), 7.90 (dd, J = 7.8, 1.6 Hz, 1H), 7.75 (d, J = 8.8 Hz, 1H), 7.72 (s,
2H), 7.68 (ddd, J = 8.6, 7.0, 1.6 Hz, 2H), 7.61 (ddd, J = 7.8, 7.0, 1.3 Hz, 1H), 7.53 (dd, J = 8.0,
1.1 Hz, 1H), 7.43 (t, J = 7.7 Hz, 1H), 6.97 (dd, J = 7.6, 1.3 Hz, 1H).
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C NMR (100 MHz, CDCl3,

25 °C) δ 154.48, 135.12, 132.73, 130.43, 128.69, 128.38, 128.18, 127.17, 126.68, 126.49, 126.15,
121.90, 119.57, 113.39. HRMS (ESI-TOF) m/z calculated for C14H10O [M]+: 194.0726, found
194.0755. Yield(S11 isolated) 0.19 g, 12%. 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.67 (d, J = 8.1
Hz, 1H), 8.29 (dd, J = 8.8, 0.9 Hz, 1H), 8.15 (dd, J = 9.2, 0.8 Hz, 1H), 7.90 (dd, J = 7.7, 1.7 Hz,
1H), 7.76 (dd, J = 9.1, 0.7 Hz, 1H), 7.70 – 7.57 (m, 2H), 7.49 (dd, J = 8.4, 7.6 Hz, 1H), 6.98 (dd,
J = 7.7, 0.9 Hz, 1H), 5.21 (s, 1H). 13C NMR (101 MHz, CDCl3) δ 152.02, 132.31, 132.04, 130.19,
128.73, 126.86, 126.71, 126.70, 126.34, 123.28, 122.01, 120.04, 115.64, 110.76. HRMS (ESITOF) m/z calculated for C14H10O [M]+: 194.0726, found 194.0736.

3-bromo-4-hydroxy phenanthrene and 1-hydroxy-2-bromo phenanthrene (S12 and S13)33:
A 4:1 mixture of S10 and S11 (1.20 g, 6.18 mmol) was loaded into a 200 mL Schlenk flask
equipped with a magnetic stirbar and an addition funnel capped with a glass stopcock. Separately,
N-Bromosuccinimide (1.15 g, 6.49 mmol) was loaded into a 50 mL Schlenk flask equipped with a
magnetic stirbar. Both flasks were evacuated to an internal pressure of 100 mtorr and backfilled
with N2 three times. A 4:1 mixture of S10 and S11 (1.20 g, 6.18 mmol) was loaded into a 100 mL
Schlenk flask equipped with a magnetic stirbar and a 250 mL addition funnel capped with a glass
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stopcock. Separately, N-Bromosuccinimide (1.15 g, 6.49 mmol) was loaded into a 100 mL
Schlenk flask equipped with a magnetic stirbar. Both flasks were evacuated to an internal
pressure of 100 mtorr and backfilled with N2 three times. Anhydrous CH2Cl2 (25 mL) and
diisopropylamine (60 mg, 0.60 mmol) were injected via syringe to the flask containing S10/S11.
which was then cooled to 0 °C in an ice-water bath. The NBS was dissolved in anhydrous CH2Cl2
(40 mL) and subsequently transferred to the addition funnel via syringe. The NBS solution was
then added dropwise to the solution of compound S10/S11 over 30 mins. The reaction was then
warmed to RT and stirred overnight. The mixture was quenched by 3 M H2SO4 (50 mL) and
extracted with CH2Cl2 (3 × 25 mL). The combined organic extract was rinsed with water (50 mL),
brine (50 mL), dried over Na2SO4 and filtered. The solvent was removed under reduced pressure
at 45 °C in a rotary evaporator and the residue purified via column chromatography (5% EtOAc:
Hexanes) yielding compound S12 and S13 as a white solids. Yield (S12 isolated): 0.94, 56%.
Yield (S13 isolated): 0.30 g, 18%.

3-bromo-4-hydroxy phenanthrene (12): Compound 12 was synthesized according to the
procedure for compound S3 from compound S12 (0.90 g, 3.30 mmol), K2CO3 (0.46 g, 9.90 mmol),
MeI (0.20 mL, 9.90 mmol), and DMF (8 mL). Crude residue was purified via column
chromatography (SiO2, 5% EtOAc: Hexanes) yielding 12 as a colorless oil. Yield: 722 mg, (77%).
H NMR (400 MHz, CDCl3, 25 °C) δ 9.55 (ddt, J = 8.6, 1.4, 0.7 Hz, 1H), 7.90 (ddt, J = 7.7, 1.8,
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0.6 Hz, 1H), 7.78 – 7.74 (m, 2H), 7.72 – 7.66 (m, 2H), 7.63 (ddd, J = 7.7, 7.0, 1.3 Hz, 1H), 7.57 –
7.53 (m, 1H), 3.93 (s, 3H).

C NMR (100 MHz, CDCl3, 25 °C) δ 155.54, 134.19, 133.03, 131.10,

13
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129.24, 128.66, 128.41, 127.67, 127.40, 127.11, 126.83, 126.06, 125.21, 117.01, 59.95. HRMS
(ESI-TOF) m/z calculated for C15H11OBr [M]+: 285.9993 found 285.9987.

3-bromo-4-hydroxy phenanthrene (13): Compound 13 was synthesized according to the
procedure for compound S3 from compound S13 (0.30 g, 1.11 mmol), K2CO3 (0.90 g, 3.33 mmol),
MeI (0.20 mL, 3.33 mmol), and DMF (3 mL). Crude residue was purified via column
chromatography (SiO2, 5% EtOAc: Hexanes) yielding 13 as a white solid. Yield: 435 mg (77%).
H NMR (400 MHz, CDCl3, 25 °C) δ 8.69 – 8.56 (m, 1H), 8.34 (dt, J = 8.8, 0.7 Hz, 1H), 8.08 (dd,
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J = 9.1, 0.8 Hz, 1H), 7.91 (dd, J = 7.6, 1.8 Hz, 1H), 7.84 – 7.79 (m, 1H), 7.77 (d, J = 8.9 Hz, 1H),
7.70 – 7.60 (m, 2H), 4.04 (s, 3H).

C NMR (100 MHz, CDCl3, 25 °C) δ 153.78, 131.98, 131.28,
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130.69, 130.17, 128.85, 128.19, 127.80, 127.23, 127.18, 122.94, 120.45, 120.23, 114.17, 77.16,
61.83. HRMS (ESI-TOF) m/z calculated for C15H11OBr [M]+: 285.9993 found 286.0011.
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Figure 2-9 Synthesis of Aryl Bromide 14

4’-methoxybiphenyl-2-carboxaldehyde (S14): 4-iodoanisole (4.00 g, 16.9 mmol), 2formylphenyl boronic acid (3.32 g, 22.2 mmol), K2CO3 (5.90 g, 42.7 mmol), and PdPPh3 (0.97 g,
0.84 mmol) were loaded into a 250 mL Schlenk flask equipped with a magnetic stirbar. The flask
was evacuated to an internal pressure of 100 mtorr and backfilled with N2 three times. Anhydrous
THF (110 mL) was injected via syringe and the reaction was heated to 70 °C for 24 hours,
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monitored by TLC until the starting material was no longer observed. The flask was cooled to RT,
water (50 mL) was added, and the resulting mixture was extracted with CH2Cl2 (3 x 60 mL). The
combined organic phase was then rinsed with water (2 x 60 mL), brine (60 mL), dried over
Na2SO4, and filtered. The solvent was removed under reduced pressure in a rotary evaporator at
45 °C and the residue purified via column chromatography (10% EtOAc: Hexanes) yielding
compound S14 as a colorless oil. Yield: 2.22 g, 62%. 1H NMR (400 MHz, CDCl3, 25 °C) δ 10.00
(d, J = 0.8 Hz, 1H), 8.01 (ddd, J = 7.8, 1.5, 0.6 Hz, 1H), 7.62 (td, J = 7.5, 1.5 Hz, 1H), 7.45 (dddd,
J = 15.6, 7.7, 1.3, 0.7 Hz, 2H), 7.33 – 7.28 (m, 2H), 7.03 – 6.97 (m, 2H), 3.88 (s, 3H). HRMS (ESITOF) m/z calculated for C14H12O2 [M]+: 212.0831 found 212.0772.
C NMR (100 MHz, CDCl3, 25 °C) δ 192.80, 159.84, 145.79, 133.90, 133.66, 131.43, 130.92,
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130.16, 127.75, 127.51, 114.08, 77.16, 55.54.

1,1'-biphenyl-4'-methoxy-2-[(1E/Z)-2-methoxyethenyl] (15a/15b): Compound S14 (2.30 g,
10.8 mmol), methoxymethyltriphenylphosphonium bromide (6.30 g, 16.3 mmol), and potassium
tert-butoxide (1.82 g, 16.3 mmol) were loaded separately into three Schlenk flasks (50 mL, 200
mL, and 50 mL, respectively), each equipped with a magnetic stirbar. The flasks were evacuated
to an internal pressure of 100 mtorr and backfilled with N2 three times. Anhydrous THF (20 mL,
50 mL, and 30 mL, respectively) was added via syringe to each, and the flask containing
methoxymethyltriphenyl-phosphonium bromide was cooled to 0 °C in an ice-water bath before
the solution of potassium tert-butoxide was added dropwise over 10 minutes. After stirring at 0 °C
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for 30 minutes, the solution of compound S14 was added dropwise over 10 minutes and the
reaction mixture was warmed to room temperature for 12 h, monitored by TLC until the starting
material was no longer observed. Water (60 mL) was added and the resulting mixture was
extracted with CH2Cl2 (3 x 60 mL). The combined organic phase was rinsed with water (2 x 60
mL), brine (60 mL), dried with Na2SO4, and filtered. The solvent was removed under reduced
pressure in a rotary evaporator at 45 °C and the residue was purified via column chromatography
(2% EtOAc: Hexanes) yielding a 2:1 mixture of 15a and 15b as a colorless oil. This mixture was
used in the subsequent step without further purification or characterization. Yield: 2.28 g, 88%.

2-methoxyphenanthrene (S16): A mixture of S15a and S15b (2.25 g, 9.36 mmol) was loaded
into a 200 mL Schlenk flask equipped with a magnetic stirbar. The flask was evacuated to an
internal pressure of 100 mtorr and backfilled with N2 three times. Anhydrous CH2Cl2 (100 mL) was
added via syringe and the flask was cooled to 0 °C in an ice-water bath. Methylsulfonic acid (0.50
mL) was added dropwise and the flask was stirred for overnight at room temperature, monitored
by TLC until the starting material was no longer observed. Saturated NaHCO3 (40 mL) was added
and stirring was continued for 30 minutes before the resulting mixture was extracted with CH2Cl2
(3 x 50 mL). The combined organic phase was rinsed with water (50 mL), brine (50 mL), dried
over Na2SO4, and filtered. The solvent was removed in a rotary evaporator at 45 °C and the
residue was purified via column chromatography (10% CH2Cl2: Hexanes) yielding S16 as a white
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solid. Yield: 1.79 g, 92%. 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.62 – 8.54 (m, 2H), 7.87 (dd, J =
7.9, 1.4 Hz, 1H), 7.75 – 7.71 (m, 1H), 7.67 (d, J = 8.9 Hz, 1H), 7.63 (ddd, J = 8.4, 7.0, 1.5 Hz,
1H), 7.54 (ddd, J = 8.1, 7.0, 1.2 Hz, 1H), 7.32 – 7.26 (m, 2H), 3.97 (s, 3H).
C NMR (100 MHz, CDCl3, 25 °C) δ 158.41, 133.57, 131.16, 130.57, 128.68, 127.65, 126.78,
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126.57, 125.70, 124.77, 124.39, 122.26, 117.19, 108.72, 55.55. HRMS (ESI-TOF) m/z calculated
for C15H12O [M]+: 208.0882, found 208.0932.

3-bromo-2-methoxyphenanthrene (14): Compound S16 (0.60 g, 2.88 mmol) was loaded into a
50 mL Schlenk flask equipped with a magnetic stirbar. The flask was evacuated to an internal
pressure of 100 mtorr and backfilled with N2 three times. Anhydrous THF (12 mL) was added via
syringe, the flask was cooled to -78 °C in a dry ice/acetone bath for 20 minutes before nbutyllithium (1.95 mL, 4.89 mmol, 2.5 M in Hexanes) was added dropwise over 5-10 minutes. The
flask was then warmed to room temperature for 2 h and subsequently cooled to -78 °C once
again. 1,2 dibromoethane (0.45 mL, 5.18 mmol) was then added dropwise over 5-10 minutes and
the reaction mixture was warmed to room temperature for 12 h. Water (25 mL) was added and
the resulting mixture was extracted with DCM (3 x 30 mL). The combined organic phase was
rinsed with water (2 x 30 mL), brine (30 mL), dried over Na2SO4, and filtered. The solvent was
removed under reduced pressure in a rotary evaporator at 45 °C and the crude was purified via
recrystallization in benzene yielding 14 as a white solid. Yield: 0.37 g, 45%. 1H NMR (400 MHz,
CDCl3, 25 °C) δ 8.86 (p, J = 0.4 Hz, 1H), 8.55 – 8.47 (m, 1H), 7.87 (dd, J = 7.9, 1.5 Hz, 1H), 7.75
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(d, J = 8.9 Hz, 1H), 7.68 – 7.61 (m, 2H), 7.61 – 7.48 (m, 1H), 7.26 (s, 1H), 4.05 (d, J = 0.3 Hz,
3H).

C NMR (100 MHz, CDCl3, 25 °C) δ 154.40, 132.61, 131.26, 129.45, 128.72, 128.05,
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127.98, 127.10, 126.27, 125.97, 125.58, 122.30, 112.82, 108.67, 56.43. HRMS (ESI-TOF) m/z
calculated for C15H11OBr [M]+: 285.9987, found 285.9973.

Figure 2-10 Synthesis of Aryl Bromide/Triflates 15, 16, and 17.

1-bromo-2-methoxyphenanthrene (15): Compound 15 was synthesized according to the
procedure for compound 11 from compound S16 (0.85 g, 4.08 mmol), N-bromosuccinimide (0.87
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g, 4.90 mmol), diisopropylamine (0.29 mL, 0.41 mmol), and CH2Cl2 (34 mL). Crude residue was
purified via column chromatography (5% EtOAc: Hexanes) yielding 15 as a white solid. Yield:
1.11 g, 95%. 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.70 – 8.64 (m, 1H), 8.60 (ddd, J = 8.2, 1.3, 0.6
Hz, 1H), 8.23 (dd, J = 9.3, 0.7 Hz, 1H), 7.89 (dd, J = 7.9, 1.5 Hz, 1H), 7.83 (d, J = 9.2 Hz, 1H),
7.66 (ddd, J = 8.4, 7.0, 1.5 Hz, 1H), 7.62 – 7.50 (m, 1H), 7.36 (d, J = 9.1 Hz, 1H), 4.12 – 4.02 (m,
3H).

C NMR (100 MHz, CDCl3, 25 °C) δ 154.65, 132.16, 130.98, 130.19, 129.21, 128.80,
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127.27, 126.45, 126.11, 125.16, 123.39, 122.45, 112.34, 110.69, 56.99. HRMS (ESI-TOF) m/z
calculated for C15H11OBr [M]+: 285.9987, found 286.0018.

4-phenanthrenyltrifluoromethylsulfonate (16): Compound 16 was synthesized according to
the procedure for compound S9 from compound S10 (0.45 g, 2.32 mmol), trifluoromethylsulfonic
anhydride (0.58 mL, 3.48 mmol), pyridine (0.37 mL, 4.64 mmol), and CH2Cl2 (12 mL). Crude
residue was purified via column chromatography (15% CH2Cl2: Hexanes) yielding 16 as a waxy
white solid. Yield: 0.69 g, 91%. 1H NMR (400 MHz, CDCl3, 25 °C) δ 9.17 (dd, J = 8.6, 0.8 Hz, 1H),
7.97 – 7.89 (m, 2H), 7.82 (d, J = 8.8 Hz, 1H), 7.76 – 7.66 (m, 3H), 7.64 – 7.62 (m, 1H), 7.60 (d, J
= 8.0 Hz, 1H).

C NMR (100 MHz, CDCl3, 25 °C) δ 147.36, 135.27, 133.35, 129.35, 129.19,
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129.02, 127.77, 127.55, 127.39, 127.30, 126.39, 126.29, 123.22, 120.65, 120.37, δ 118.77 (CF3,
q, J = 320.6 Hz).

F NMR (376 MHz, CDCl3, 25 °C) δ -76.27. HRMS (ESI-TOF) m/z calculated
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for C15H9F3O3S [M-H]- : 325.0152, found 325.0206.
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1-phenanthrenyltrifluoromethylsulfonate (17): Compound 17 was synthesized according to
the procedure for compound S9 from compound S11 (0.33 g, 1.70 mmol), trifluoromethylsulfonic
anhydride (0.43 mL, 2.55 mmol), pyridine (0.27 mL, 3.4 mmol), and CH2Cl2 (9 mL). Crude residue
was purified via column chromatography (15% CH2Cl2: Hexanes) yielding S17 as a waxy white
solid. Yield: 0.52 g, 93%. 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.72 (ddd, J = 8.3, 1.2, 0.7 Hz, 1H),
8.68 (ddq, J = 8.1, 1.3, 0.7 Hz, 1H), 8.00 (dd, J = 9.2, 0.8 Hz, 1H), 7.97 – 7.93 (m, 1H), 7.92 (dt,
J = 9.2, 0.5 Hz, 1H), 7.76 – 7.71 (m, 1H), 7.71 – 7.64 (m, 2H), 7.59 (dd, J = 7.9, 1.0 Hz, 1H). 13C
NMR (100 MHz, CDCl3, 25 °C) δ 146.34, 132.66, 132.06, 129.56, 129.49, 129.10, 127.86, 127.77,
126.26, 125.10, 123.16, 123.11, δ 118.92 (CF3, q, J = 320.5 Hz) 118.69, 118.52.
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F NMR (376

MHz, CDCl3) δ -76.46. HRMS (ESI-TOF) m/z calculated for C15H9F3O3S [M-H]- : 325.0152, found
325.0209.
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Figure 2-11 Synthesis of aryl ethers Suzuki products 18a-l.
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General procedure for compounds 18a-q via Suzuki coupling. Aryl halide (1 eq), aryl boronic
acid (1.2 eq), K2CO3 (2.5 eq), and Pd(PPh3)4 (0.10 eq) were loaded into an oven-dried 50 mL
Schlenk flask equipped with a magnetic stirbar and a reflux condenser. The flask was evacuated
to an internal pressure of 100 mtorr and backfilled with N 2 three times. Toluene (3.5 mL/mmol),
EtOH (0.50 mL/mmol), and water (0.50 mL/mmol) were bubbled with N2 for ca. 30 min, added to
the reaction mixture and the flask was heated under N2 to 110 °C for 24 h, monitored by TLC until
the starting material was no longer observed. Water (10 mL) was added and the reaction mixture
was extracted with CH2Cl2 (3 × 30 mL). The combined organic extracts were rinsed with water
(50 mL), brine (50 mL), dried over Na2SO4, and filtered. The solvent was removed under reduced
pressure at 45 °C in a rotary evaporator and the residue was purified via column chromatography.

9-(2-methoxy-1-naphthyl)anthracene (18a): Compound 18a was synthesized according to
general Suzuki coupling procedure from 7 (425 mg, 1.65 mmol) and 2 (400 mg, 1.98 mmol). Crude
product was purified via column chromatography (SiO2, 20% CH2Cl2: hexanes) yielding 18a as a
white solid. Yield: 452 mg (82%). 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.58 (s, 1H), 8.10 (d, J =
8.5 Hz, 2H), 8.09 (d, J = 9.0 Hz, 7.93 (dt, J = 8.4, 1.0 Hz, 1H), 7.54 (d, J = 9.1 Hz, 1H), 7.44 (ddd,
J = 8.5, 6.4, 1.2 Hz, 2H), 7.39 (dq, J = 8.8, 1.0 Hz, 2H), 7.32 (ddd, J = 8.1, 6.7, 1.2 Hz, 1H), 7.26
– 7.21 (m, 2H), 7.12 (ddd, J = 8.2, 6.7, 1.3 Hz, 1H), 6.81 (dq, J = 8.5, 0.8 Hz, 1H). 13C NMR (100
MHz, CDCl3, 25 °C) δ 155.52, 134.69, 131.75, 131.67, 131.12, 130.02, 129.29, 128.69 (2 C),
128.01, 126.89, 126.77, 126.74 (2 C), 125.70 (2 C), 125.56, 125.26 (2 C), 123.83, 121.21, 114.11,
56.91. HRMS (ESI-TOF) m/z calculated for C25H18O [M+H]+ : 335.1430, found 335.1485.
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9-(3-methoxy-2-naphthyl)anthracene (18b): Compound 18b was synthesized according to
general Suzuki coupling procedure from 7 (425 mg, 1.65 mmol) and 3 (400 mg, 1.98 mmol). Crude
product was purified via column chromatography (SiO2, 20% CH2Cl2: hexanes) yielding 18b as a
white solid. Yield: 463 mg (84%). 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.53 (s, 1H), 8.06 (ddt, J =
8.4, 1.3, 0.6 Hz, 2H), 7.92 (dq, J = 8.2, 0.6 Hz, 1H), 7.82 – 7.77 (m, 1H), 7.77 (d, J = 0.6 Hz, 1H),
7.61 (dd, J = 8.8, 1.0 Hz, 2H), 7.55 (ddd, J = 8.2, 6.9, 1.3 Hz, 1H), 7.48 – 7.40 (m, 3H), 7.40 (d, J
= 1.0 Hz, 1H), 7.31 (ddd, J = 8.8, 6.5, 1.3 Hz, 2H), 3.73 (s, 3H). 13C NMR (100 MHz, CDCl3, 25
°C) δ 157.05, 134.77, 133.47, 132.25, 131.55, 130.77, 129.36, 128.92, 128.55 (2 C), 127.90,
126.89 (2 C), 126.85, 126.75, 126.70, 125.43 (2 C), 125.17 (2 C), 124.13, 105.82, 55.82. HRMS
(ESI-TOF) m/z calculated for C25H18O [M+H]+ : 335.1430, found 335.1462.

9-(1-methoxy-2-naphthyl)anthracene (18c). Compound 18c was synthesized according to
general Suzuki coupling procedure from 7 (425 mg, 1.65 mmol) and 2 (400 mg, 1.98 mmol). Crude
product was purified via column chromatography (SiO2, 20% CH2Cl2: hexanes) yielding 18c as a
white solid. Yield: 470 mg (85%). 1H NMR (400 MHz, Chloroform-d) δ 8.58 (s, 1H), 8.38 – 8.30
(m, 1H), 8.10 (ddt, J = 8.5, 1.3, 0.7 Hz, 2H), 8.05 – 7.98 (m, 1H), 7.81 (ddd, J = 8.4, 0.9, 0.4 Hz,
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1H), 7.73 (dq, J = 8.8, 1.0 Hz, 2H), 7.68 – 7.60 (m, 2H), 7.50 (ddd, J = 8.5, 6.5, 1.2 Hz, 2H), 7.42
(d, J = 8.3 Hz, 1H), 7.38 (ddd, J = 8.9, 6.5, 1.3 Hz, 2H), 3.31 (s, 3H). 13C NMR (100 MHz, CDCl3,
25 °C) δ 154.66, 134.99, 133.71, 131.62, 130.79, 130.51, 128.67 (2 C), 128.50, 128.11, 127.17,
126.90 (2 C), 126.73, 126.38, 126.25, 125.87 (2 C), 125.34 (2 C), 123.67, 122.94, 61.55. HRMS
(ESI-TOF) m/z calculated for C25H18O [M+H]+ : 335.1430, found 335.1466.

2-(1-naphthyl)-3-methoxyanthracene (18d): Compound 18d was synthesized according to
general Suzuki coupling procedure from 8 (350 mg, 1.22 mmol) and 5 (372 mg, 1.46 mmol). Crude
product was purified via column chromatography (SiO2, 20% CH2Cl2: hexanes) yielding 18d as a
white solid. Yield: 367 mg (90%).1H NMR (400 MHz, CDCl3, 25 °C) δ 8.38 (s, 1H), 8.37 (s, 1H),
8.03 – 7.96 (m, 2H), 7.96 – 7.88 (m, 3H), 7.64 (dq, J = 8.4, 0.9 Hz, 1H), 7.59 (dd, J = 8.1, 7.0 Hz,
1H), 7.54 (dd, J = 7.0, 1.4 Hz, 1H), 7.49 (dddd, J = 8.3, 6.6, 3.1, 1.4 Hz, 2H), 7.46 – 7.35 (m, 3H),
3.85 (s, 3H). 13C NMR (100 MHz, CDCl3, 25 °C) δ 156.18, 136.83, 133.52, 132.82, 132.68, 132.40,
131.27, 130.75, 128.38, 128.26, 128.20, 128.12, 127.77, 127.51, 126.62, 126.37, 125.90, 125.78,
125.69, 125.48, 124.65, 124.03, 103.77, 55.66. HRMS (ESI-TOF) m/z calculated for C25H18O
[M+H]+ : 335.1430, found 335.1463.
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1-(1-naphthyl)-2-methoxymethoxyanthracene (18e): Compound 18e was synthesized
according to general Suzuki coupling procedure from 9 (450 mg, 1.42 mmol) and 5 (620 mg, 1.70
mmol). Crude product was purified via column chromatography (SiO2, 25% CH2Cl2: hexanes)
yielding 18e as a white solid. Yield: 388 mg (75%). 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.47 (s,
1H), 8.14 (dt, J = 9.2, 0.8 Hz, 1H), 8.03 – 8.00 (m, 1H), 8.00 – 7.95 (m, 2H), 7.72 (s, 1H), 7.67
(dd, J = 8.2, 7.0 Hz, 1H), 7.61 (dd, J = 9.2, 2.1 Hz, 2H), 7.53 (dd, J = 7.0, 1.3 Hz, 1H), 7.47 (ddd,
J = 8.2, 6.7, 1.3 Hz, 1H), 7.42 – 7.34 (m, 2H), 7.33 – 7.26 (m, 2H), 5.05 (d, J = 0.8 Hz, 2H), 3.15
(s, 3H).

C NMR (100 MHz, CDCl3, 25 °C) δ 151.50, 134.73, 133.88, 133.20, 132.82, 132.07,
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130.60, 130.12, 128.95, 128.72, 128.34, 128.31, 128.02, 127.97, 126.49, 126.44, 126.05, 125.91,
125.75, 125.47, 125.04, 124.30, 123.99, 118.41, 95.39, 56.17. HRMS (ESI-TOF) m/z calculated
for C25H20O2 [M+H]+ : 364.1463, found 364.1485.

9-(2-methoxy-1-naphthyl)phenanthrene (18f): Compound 18f was synthesized according to
general Suzuki coupling procedure from 10 (500 mg, 1.94 mmol) and 2 (467 mg, 2.33 mmol).
Crude product was purified via column chromatography (SiO2, 15% CH2Cl2: hexanes) yielding 18f
as a white solid. Yield: 473 mg (73%). 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.83 – 8.76 (m, 2H),
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8.01 (dt, J = 9.1, 0.6 Hz, 1H), 7.92 – 7.86 (m, 2H), 7.75 – 7.68 (m, 2H), 7.68 – 7.59 (m, 2H), 7.48
(d, J = 9.1 Hz, 1H), 7.41 – 7.37 (m, 2H), 7.34 (ddd, J = 8.1, 6.6, 1.4 Hz, 1H), 7.29 (ddt, J = 8.6,
1.4, 0.8 Hz, 1H), 7.22 (ddd, J = 8.6, 6.6, 1.3 Hz, 1H), 3.78 (s, 3H). 13C NMR (100 MHz, CDCl3, 25
°C) δ 154.92, 134.43, 133.33, 132.22, 132.02, 130.63, 130.43, 129.68, 129.21, 128.84, 127.96,
126.95, 126.75, 126.67, 126.65, 126.58, 126.50, 125.65, 123.75, 123.26, 122.92, 122.77, 113.95,
56.91. HRMS (ESI-TOF) m/z calculated for C25H18O [M+H]+ : 335.1430, found 335.1471.\

9-(3-methoxy-2-naphthyl)phenanthrene (18g): Compound 18g was synthesized according to
general Suzuki coupling procedure from 10 (425 mg, 1.65 mmol) and 3 (400 mg, 1.98 mmol).
Crude product was purified via column chromatography (SiO2, 15% CH2Cl2: hexanes) yielding
18g as a white solid. Yield: 415 mg (75%). 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.77 (dddt, J =
9.4, 8.1, 1.3, 0.6 Hz, 2H), 7.94 – 7.90 (m, 1H), 7.87 (ddq, J = 8.2, 1.2, 0.7 Hz, 1H), 7.85 (d, J =
0.7 Hz, 1H), 7.82 (ddq, J = 8.1, 1.3, 0.7 Hz, 1H), 7.76 (s, 1H), 7.72 – 7.57 (m, 4H), 7.53 (ddd, J =
8.2, 6.9, 1.3 Hz, 1H), 7.47 (ddd, J = 8.2, 6.9, 1.2 Hz, 1H), 7.41 (ddd, J = 8.1, 6.9, 1.2 Hz, 1H), 7.32
(s, 1H), 3.81 (s, 3H). 13C NMR (100 MHz, CDCl3, 25 °C) δ 156.44, 135.84, 134.60, 131.84, 131.68,
131.03, 130.42, 130.30, 128.95, 128.84, 128.06, 127.84, 127.38, 126.80, 126.70, 126.66, 126.61,
126.44, 126.41, 124.12, 122.82, 122.74, 105.53, 55.70. HRMS (ESI-TOF) m/z calculated for
C25H18O [M+H]+ : 335.1430, found 335.1458.
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9-(1-methoxy-2-naphthyl)phenanthrene (18h): Compound 18h was synthesized according to
general Suzuki coupling procedure from 10 (425 mg, 1.65 mmol) and 4 (400 mg, 1.98 mmol).
Crude product was purified via column chromatography (SiO2, 15% CH2Cl2: hexanes) yielding
18h as a white solid. Yield: 440 mg (78%). 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.83 – 8.79 (m,
1H), 8.78 (d, J = 8.3 Hz, 1H), 8.32 – 8.23 (m, 1H), 7.98 – 7.91 (m, 2H), 7.84 (s, 1H), 7.77 – 7.61
(m, 5H), 7.62 – 7.55 (m, 2H), 7.52 (ddd, J = 8.2, 6.9, 1.2 Hz, 1H), 7.48 (d, J = 8.4 Hz, 1H), 3.50
(s, 3H).

C NMR (100 MHz, CDCl3, 25 °C) δ 154.14, 135.59, 134.75, 131.74, 131.43, 130.65,

13

130.33, 129.97, 128.89, 128.51, 128.48, 128.45, 128.03, 127.25, 126.95, 126.85, 126.79, 126.66,
126.59, 126.36, 123.56, 122.96, 122.80, 122.76, 61.79.

9-(1-naphthyl)-10-ethoxyphenanthrene (18i): Compound 18i was synthesized according to
general Suzuki coupling procedure from 11 (550 mg, 1.58 mmol) and 5 (480 mg, 1.89 mmol).
Crude product was purified via column chromatography (SiO2, 15% CH2Cl2: hexanes) yielding 18i
as a white solid. Yield: 440 mg (77%). 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.80 (ddt, J = 8.3, 1.3,
0.6 Hz, 1H), 8.75 (ddt, J = 8.4, 1.3, 0.6 Hz, 1H), 8.33 (ddd, J = 7.9, 1.6, 0.6 Hz, 1H), 8.00 (d, J =
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8.1 Hz, 1H), 7.98 – 7.94 (m, 1H), 7.75 (ddd, J = 8.3, 7.0, 1.6 Hz, 1H), 7.72 – 7.67 (m, 1H), 7.65
(dd, J = 8.2, 7.0 Hz, 1H), 7.56 (ddd, J = 8.3, 6.9, 1.4 Hz, 2H), 7.48 (ddd, J = 8.1, 6.7, 1.2 Hz, 1H),
7.43 (dq, J = 8.5, 1.0 Hz, 1H), 7.33 (ddd, J = 8.1, 6.9, 1.2 Hz, 1H), 7.31 – 7.26 (m, 1H), 7.24 (ddd,
J = 8.3, 1.4, 0.6 Hz, 1H), 3.65 (ddq, J = 37.0, 9.3, 7.0 Hz, 2H), 0.96 (t, J = 7.0 Hz, 3H).
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C NMR

(100 MHz, CDCl3, 25 °C) δ 151.63, 134.64, 133.78, 133.24, 133.20, 131.78, 128.94, 128.60,
128.37, 128.15, 128.11, 127.20, 127.05, 126.99, 126.88, 126.50, 126.28, 126.24, 125.92, 125.68,
125.52, 123.61, 122.94, 122.62, 69.94, 15.66.

3-naphthyl-4-methoxyphenanthrene (18j): Compound 18j was synthesized according to
general Suzuki coupling procedure from 12 (485 mg, 1.69 mmol) and 5 (512 mg, 2.02 mmol).
Crude product was purified via column chromatography (SiO2, 15% CH2Cl2: hexanes) yielding 18j
as a white solid. Yield: 452 mg (80%). 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.74 (d, J = 8.1 Hz,
1H), 8.56 (d, J = 8.4 Hz, 1H), 8.23 (d, J = 8.7 Hz, 1H), 7.98 – 7.90 (m, 3H), 7.85 (d, J = 9.4 Hz,
1H), 7.76 – 7.58 (m, 6H), 7.51 (t, J = 7.6 Hz, 1H), 7.43 (t, J = 7.7 Hz, 1H), 3.57 – 3.35 (m, 3H).
C NMR (100 MHz, CDCl3, 25 °C) δ 154.64, 136.79, 133.81, 132.22, 132.13, 131.62, 130.40,
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130.07, 128.75, 128.34, 128.08, 127.85, 127.36, 126.93, 126.87, 126.66, 126.43, 126.25, 125.97,
125.51, 123.07, 121.07, 118.31, 61.81. HRMS (ESI-TOF) m/z calculated for C25H18O [M + H]+ :
335.1430, found 335.1459.
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2-naphtyl-1-methoxyphenanthrene (18k): Compound 18k was synthesized according to
general Suzuki coupling procedure from 13 (500 mg, 1.74 mmol) and 5 (530 mg, 2.09 mmol).
Crude product was purified via column chromatography (SiO2, 15% CH2Cl2: hexanes) yielding
18k as a white solid. Yield: 535 mg (92%). 1H NMR (400 MHz, CDCl3, 25 °C) δ 9.69 – 9.60 (m,
1H), 8.01 – 7.90 (m, 3H), 7.86 – 7.79 (m, 3H), 7.79 – 7.75 (m, 1H), 7.68 – 7.59 (m, 4H), 7.57 (d,
J = 8.0 Hz, 1H), 7.52 (ddd, J = 8.2, 6.8, 1.3 Hz, 1H), 7.43 (ddd, J = 8.3, 6.8, 1.3 Hz, 1H), 3.40 (s,
3H).

C NMR (100 MHz, CDCl3, 25 °C) δ 156.99, 137.35, 134.70, 133.81, 133.18, 132.96,
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132.31, 130.45, 130.14, 128.66, 128.35, 128.17, 128.08, 128.01 (2C), 127.23, 127.07, 126.63,
126.54, 126.23, 125.93, 125.46, 124.73, 124.17, 60.29. HRMS (ESI-TOF) m/z calculated for
C25H18O [M + H]+ : 335.1430, found 335.1461.

2-naphthyl-3-methoxyphenanthrene (18l): Compound 18l was synthesized according to
general Suzuki coupling procedure from 14 (350 mg, 1.22 mmol) and 5 (370 mg, 1.46 mmol).
Crude product was purified via column chromatography (SiO2, 15% CH2Cl2: hexanes) yielding 18l
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as a white solid. Yield: 347 mg (85%). 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.59 (d, J = 0.5 Hz,
1H), 8.55 – 8.50 (m, 1H), 7.96 – 7.92 (m, 2H), 7.92 – 7.88 (m, 1H), 7.79 (s, 2H), 7.63 – 7.51 (m,
5H), 7.49 (ddd, J = 8.1, 6.8, 1.3 Hz, 1H), 7.41 (s, 1H), 7.37 (ddd, J = 8.4, 6.7, 1.3 Hz, 1H), 3.86
(s, 3H).

C NMR (100 MHz, CDCl3, 25 °C) δ 156.68, 137.21, 133.64, 133.32, 132.62, 131.35,
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130.57, 130.54, 128.77, 128.33, 128.11, 127.76, 127.74, 126.86, 126.66, 126.56, 126.33, 126.00,
125.84, 125.55, 124.52, 122.43, 107.74, 55.82. HRMS (ESI-TOF) m/z calculated for C25H18O [M
+ H]+ : 335.1430, found 335.1461.

Figure 2-12 Synthesis of redesigned aryl ether Suzuki products 18m-p.
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4-(2-methoxy-1-naphthyl)phenanthrene (18m): Compound 18m was synthesized according to
general Suzuki coupling procedure from 16 (325 mg, 1.00 mmol) and 2 (240 mg, 1.20 mmol).
Crude product was purified via column chromatography (SiO2, 15% CH2Cl2: hexanes) yielding
18m as a white solid. Yield: 230 mg (69%). 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.06 – 8.01 (m,
1H), 8.00 (dd, J = 8.0, 1.5 Hz, 1H), 7.89 (dd, J = 8.3, 1.1 Hz, 1H), 7.85 (d, J = 8.8 Hz, 1H), 7.79
(dd, J = 7.9, 1.5 Hz, 1H), 7.75 (d, J = 8.6 Hz, 1H), 7.68 (dd, J = 7.9, 7.2 Hz, 1H), 7.64 (dq, J = 8.6,
0.8 Hz, 1H), 7.46 (d, J = 9.0 Hz, 1H), 7.42 (dd, J = 7.2, 1.5 Hz, 1H), 7.37 – 7.28 (m, 2H), 7.25 –
7.13 (m, 2H), 6.92 (ddd, J = 8.6, 6.9, 1.5 Hz, 1H).

C NMR (100 MHz, CDCl3, 25 °C) δ 156.68,
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137.21, 133.64, 133.32, 132.62, 131.35, 130.57, 130.54, 128.77, 128.33, 128.11, 127.76, 127.74,
126.86, 126.66, 126.56, 126.33, 126.00, 125.84 (2 C), 125.55, 124.52, 122.43, 107.74, 55.82.
HRMS (ESI-TOF) m/z calculated for C25H18O [M + H]+ : 335.1430, found 335.1463.

1-(1-naphtyl)-2-methoxyphenanthrene (18n): Compound 18n was synthesized according to
general Suzuki coupling procedure from 15 (400 mg, 1.39 mmol) and 5 (424 mg, 1.67 mmol).
Crude product was purified via column chromatography (SiO2, 15% CH2Cl2: hexanes) yielding
18n as a white solid. Yield: 376 mg (76%). 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.83 (dt, J = 9.1,
0.7 Hz, 1H), 8.71 (dq, J = 8.2, 0.6 Hz, 1H), 8.02 – 7.93 (m, 2H), 7.79 (dd, J = 7.9, 1.4 Hz, 1H),
7.71 – 7.60 (m, 2H), 7.57 – 7.50 (m, 2H), 7.50 – 7.43 (m, 3H), 7.34 – 7.26 (m, 2H), 7.09 (dd, J =
9.2, 0.8 Hz, 1H), 3.81 (s, 3H).

C NMR (100 MHz, CDCl3, 25 °C) δ 155.86, 134.83, 133.82,
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133.15, 132.97, 130.88, 130.56, 128.63, 128.37, 127.93, 127.59, 126.87, 126.28, 126.06, 125.97,

110

125.86, 125.71, 124.92, 124.89, 124.72, 124.05, 122.40, 112.34, 56.57. HRMS (ESI-TOF) m/z
calculated for C25H18O [M + H]+ : 335.1430, found 335.1452.

9-(8-methoxy-1-naphtyl)phenanthrene (18o): Compound 18o was synthesized according to
general Suzuki coupling procedure from 10 (260 mg, 1.00 mmol) and 6 (340 mg, 1.20 mmol).
Crude product was purified via column chromatography (SiO2, 20% CH2Cl2: hexanes) yielding
18o as a white solid. Yield: 254 mg (76%). 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.76 (d, J = 8.4
Hz, 2H), 7.93 (dd, J = 8.3, 1.3 Hz, 1H), 7.88 (dd, J = 7.7, 1.6 Hz, 1H), 7.67 (ddd, J = 8.3, 7.0, 1.6
Hz, 1H), 7.64 – 7.61 (m, 2H), 7.60 – 7.54 (m, 3H), 7.45 – 7.39 (m, 2H), 7.37 – 7.34 (m, 2H), 6.69
(dd, J = 7.7, 1.0 Hz, 1H), 2.96 (s, 3H).

C NMR (100 MHz, CDCl3, 25 °C) δ 156.77, 142.66,
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136.93, 135.59, 133.38, 131.97, 129.86, 129.40 129.38, 128.63, 128.19, 127.19, 126.65, 126.27,
126.20, 126.03 (2 C), 125.88, 125.26, 125.17, 122.63, 122.53, 121.33, 106.61, 77.16. HRMS
(ESI-TOF) m/z calculated for C25H18O [M + H]+ : 335.1430, found 335.1486.

4-(8-methoxy-1-naphthyl)phenanthrene (18p): Compound 18p was synthesized according to
general Suzuki coupling procedure from 16 (325 mg, 1.00 mmol) and 6 (340 mg, 1.20 mmol).
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Crude product was purified via column chromatography (SiO2, 15% CH2Cl2: hexanes) yielding
18p as a white solid. Yield: 267 mg (80%). 1H NMR (400 MHz, CDCl3, 25 °C) δ 7.92 (ddd, J = 8.2,
1.3, 0.4 Hz, 1H), 7.90 – 7.86 (m, 1H), 7.82 (d, J = 8.9 Hz, 1H), 7.81 – 7.76 (m, 1H), 7.75 – 7.71
(m, 1H), 7.62 – 7.58 (m, 1H), 7.58 – 7.51 (m, 3H), 7.40 (dd, J = 8.2, 7.7 Hz, 1H), 7.35 – 7.29 (m,
3H), 6.89 (ddd, J = 8.6, 7.0, 1.6 Hz, 1H), 6.64 (dd, J = 7.7, 1.1 Hz, 1H), 2.96 (d, J = 0.3 Hz, 3H).
C NMR (100 MHz, CDCl3, 25 °C) δ 157.37, 143.73, 141.61, 136.26, 133.46, 133.03, 131.50,
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129.82, 129.36, 128.55, 128.18, 128.03, 127.89, 127.75, 127.72, 127.26, 126.62, 126.55, 125.73,
125.49, 125.14, 124.58, 121.47, 106.68, 55.59. HRMS (ESI-TOF) m/z calculated for C25H18O [M
+ H]+ : 335.1430, found 335.1474.

1-(8-methoxy-1-naphthyl)phenanthrene (18q): Compound 18p was synthesized according to
general Suzuki coupling procedure from 17 (325 mg, 1.00 mmol) and 6 (340 mg, 1.20 mmol).
Crude product was purified via column chromatography (SiO2, 15% CH2Cl2: hexanes) yielding
18q as a white solid. Yield: 281 mg (86%). 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.80 (ddq, J = 8.4,
1.3, 0.7 Hz, 1H), 8.77 – 8.66 (m, 1H), 7.93 (ddd, J = 8.2, 1.3, 0.4 Hz, 1H), 7.84 (dd, J = 7.8, 1.4
Hz, 1H), 7.68 (ddd, J = 8.4, 7.0, 1.4 Hz, 2H), 7.61 – 7.54 (m, 3H), 7.53 – 7.47 (m, 2H), 7.43 (dd,
J = 8.2, 7.6 Hz, 1H), 7.37 (dd, J = 7.0, 1.3 Hz, 1H), 7.30 (dd, J = 9.1, 0.8 Hz, 1H), 6.70 (dd, J =
7.7, 1.1 Hz, 1H), 3.04 (d, J = 0.3 Hz, 3H).

C NMR (100 MHz, CDCl3, 25 °C) δ 156.91, 144.45,
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137.26, 135.62, 131.82, 131.33, 130.58, 129.41, 128.56, 128.04, 126.46, 126.44, 126.40, 126.28,
126.11, 125.82, 125.52, 125.44, 125.02, 123.11, 121.32, 120.98, 106.48, 77.16, 55.58. HRMS
(ESI-TOF) m/z calculated for C25H18O [M + H]+ : 335.1430, found 335.1471.
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Figure 2-13 Dealkylation and triflation reactions for substrates 20a-l
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General procedure for the synthesis compounds 19a-d,f-q (dealkylation). Aryl ether (1.0 eq)
was loaded in an oven-dried 50 mL Schlenk flask equipped with a magnetic stirbar. The flask was
evacuated to an internal pressure of 100 mtorr and backfilled with N2 three times. Anhydrous
CH2Cl2 (5 mL/mmol) was added via syringe under N2 and the reaction vessel was then cooled to
0 °C in an ice/water bath for 10 min. BBr3 (5 eq) was added dropwise via glass pipette under
positive N2 flow and stirred for 2 h allowing the flask to warm to room temperature, monitored by
TLC until the starting material was no longer observed. Water (10 mL) was added via syringe
and the reaction mixture was extracted with CH2Cl2 (3 x 25 mL). The combined organic extracts
were rinsed with water (30 mL), brine (30 mL), dried over Na2SO4, and filtered. The solvent was
removed under reduced pressure at 45 °C in a rotary evaporator and the residue was purified via
column chromatography.

9-(2-hydroxy-1-naphthyl)anthracene (19a): Compound 19a was synthesized according to the
dealkylation general procedure from 18a (440 mg, 1.32 mmol). The crude product was purified
via column chromatography (SiO2, 40% CH2Cl2: hexanes) yielding 19a as a white solid. Yield:
370 mg (88%). 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.66 (s, 1H), 8.13 (ddt, J = 8.5, 1.2, 0.6 Hz,
2H), 8.05 – 8.00 (m, 1H), 7.93 (dt, J = 8.4, 1.0 Hz, 1H), 7.51 (dd, J = 6.5, 1.2 Hz, 1H), 7.50 – 7.45
(m, 3H), 7.43 (d, J = 8.9 Hz, 1H), 7.15 (ddd, J = 8.3, 6.8, 1.3 Hz, 1H), 6.81 (dq, J = 8.4, 0.9 Hz,
1H), 4.68 (s, 1H).

C NMR (100 MHz, CDCl3, 25 °C) δ 151.75, 134.38, 131.93, 131.71, 130.40,
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129.26, 128.90 (2 C), 128.57, 128.21, 127.39, 126.89, 126.76 (2 C), 126.13 (2 C), 125.84 (2 C),
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125.20, 123.64, 117.68, 116.73. HRMS (ESI-TOF) m/z calculated for C24H16O [M]+: 320.1196,
found 320.1224.

9-(3-hydroxy-2-naphthyl)anthracene (19b): Compound 19b was synthesized according to the
dealkylation general procedure from 18b (450 mg, 1.34 mmol). The crude product was purified
via column chromatography (SiO2, 40% CH2Cl2: hexanes) yielding 19b as a white solid. Yield:
400 mg (93%). 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.62 (s, 1H), 8.11 (ddd, J = 8.5, 1.3, 0.7 Hz,
2H), 7.89 (ddq, J = 8.3, 1.2, 0.7 Hz, 1H), 7.83 – 7.78 (m, 2H), 7.70 – 7.65 (m, 2H), 7.57 – 7.48
(m, 4H), 7.40 (dtd, J = 8.8, 6.4, 1.3 Hz, 3H), 4.66 (s, 1H).

C NMR (100 MHz, CDCl3, 25 °C) δ
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152.31, 135.15, 131.80, 131.67, 131.23, 129.46, 129.02, 128.78 (2 C), 128.41, 127.97, 126.85,
126.83, 126.75, 126.63 (2 C), 126.19 (2 C), 125.74 (2 C), 124.10, 110.36. HRMS (ESI-TOF) m/z
calculated for C24H16O [M]+: 320.1196, found 320.1229.

9-(1-hydroxy-2-naphthyl)anthracene (19c): Compound 19c was synthesized according to the
dealkylation general procedure from 18c (460 mg, 1.37 mmol). The crude product was purified
via column chromatography (SiO2, 40% CH2Cl2: hexanes) yielding 19c as a white solid. Yield:
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368 mg (84%).1H NMR (400 MHz, CDCl3, 25 °C) δ 8.62 (s, 1H), 8.35 (ddt, J = 7.5, 1.6, 0.8 Hz,
1H), 8.12 (ddt, J = 8.5, 1.3, 0.7 Hz, 2H), 7.99 – 7.93 (m, 1H), 7.69 (dq, J = 8.8, 1.0 Hz, 2H), 7.64
(ddd, J = 8.4, 0.9, 0.5 Hz, 1H), 7.63 – 7.55 (m, 2H), 7.51 (ddd, J = 8.5, 6.5, 1.2 Hz, 2H), 7.43 –
7.35 (m, 3H), 5.05 (s, 1H). 13C NMR (100 MHz, CDCl3, 25 °C) δ 149.33, 134.84, 131.82, 131.17,
129.90, 129.51, 128.85 (2 C), 128.31, 127.77, 126.85 (2 C), 126.62, 126.28 (2 C), 125.74 (3 C),
124.43, 122.71, 120.32, 117.32. HRMS (ESI-TOF) m/z calculated for C24H16O [M]+: 320.1196,
found 320.1244.

2-(1-naphthyl)-3-hydroxyanthracene (19d): Compound 19d was synthesized according to the
dealkylation general procedure from 18d (350 mg, 1.05 mmol). The crude product was purified
via column chromatography (SiO2, 40% CH2Cl2: hexanes) yielding 19d as a beige, flaky solid.
Yield: 218 mg (65%). 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.39 (s, 1H), 8.36 (s, 1H), 8.05 – 7.94
(m, 5H), 7.74 – 7.69 (m, 1H), 7.67 – 7.60 (m, 2H), 7.58 – 7.53 (m, 2H), 7.47 (ddd, J = 8.7, 7.0, 1.4
Hz, 2H), 7.41 (ddd, J = 7.9, 6.5, 1.5 Hz, 1H), 4.92 (s, 1H).

C NMR (100 MHz, CDCl3, 25 °C) δ
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151.31, 134.02, 133.86, 132.91, 132.52, 132.26, 130.94, 130.74, 130.46, 129.35, 128.65, 128.55,
128.41, 128.20, 127.86, 127.08, 126.65, 126.56, 125.89, 125.85, 125.79, 124.71, 124.04, 108.43.
HRMS (ESI-TOF) m/z calculated for C24H16O [M]+: 320.1196, found 320.1241.
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2-hydroxy-1-naphthylmethylanthracene (19e): Compound 18e (380 mg, 1.04 mmol) was
loaded into a 50 mL round bottom flask equipped with a magnetic stirbar. Under atmospheric
conditions 4 M HCl in THF was added and the flask was heated to 60 °C for two hours. The
reaction was cooled to room temperature, saturated NaHCO3 (25 mL) was added, and the
resulting mixture was extracted with CH2Cl2 (3 x 30 mL). The combined organic was rinsed with
water (2 x 30 mL), brine (30 mL), dried over Na2SO4, and filtered. The solvent was removed under
reduced pressure in a rotary evaporator at 45 °C and the residue was purified on column
chromatography (SiO2: 40% CH2Cl2: Hexanes) yielding 19e as a beige flaky solid. Yield: 250 mg
(75%). 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.46 (s, 1H), 8.12 – 8.07 (m, 2H), 8.03 (d, J = 8.3 Hz,
1H), 8.00 – 7.95 (m, 1H), 7.73 (dd, J = 8.3, 6.9 Hz, 1H), 7.65 – 7.57 (m, 3H), 7.54 (ddd, J = 8.1,
6.7, 1.2 Hz, 1H), 7.46 – 7.42 (m, 1H), 7.41 – 7.28 (m, 4H), 4.99 (d, J = 0.5 Hz, 1H). 13C NMR (100
MHz, CDCl3, 25 °C) δ 150.43, 134.47, 133.02, 132.53, 132.28, 131.64, 130.54, 130.13, 130.00,
129.48, 128.65, 128.37, 128.10, 128.06, 127.04, 126.78, 126.74, 126.33, 125.96, 125.57, 124.75,
123.04, 119.02, 116.94. HRMS (ESI-TOF) m/z calculated for C24H16O [M]+: 320.1196, found
320.1213.
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9-(2-hydroxy-1-naphthyl)phenanthrene (19f): Compound 19f was synthesized according to the
dealkylation general procedure from 18f (350 mg, 1.05 mmol). The crude product was purified via
column chromatography (SiO2, 40% CH2Cl2: hexanes) yielding 19f as a white, flaky solid. Yield:
301 mg (90%). 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.83 (t, J = 7.9 Hz, 2H), 7.97 – 7.84 (m, 4H),
7.78 (ddd, J = 8.4, 7.0, 1.4 Hz, 1H), 7.74 – 7.64 (m, 2H), 7.46 – 7.43 (m, 2H), 7.40 – 7.31 (m, 2H),
7.25 – 7.14 (m, 2H), 5.06 (d, J = 0.5 Hz, 1H). 13C NMR (100 MHz, CDCl3, 25 °C) δ 151.30, 134.11,
131.77, 131.54, 131.20, 130.90, 130.89, 130.39, 130.12, 129.11, 129.02, 128.21, 127.64, 127.44,
127.40, 127.26, 126.85, 126.78, 125.21, 123.59, 123.20, 122.89, 118.85, 117.67. HRMS (ESITOF) m/z calculated for C24H16O [M]+: 320.1196, found 320.1205.

9-(3-hydroxy-2-naphthyl)phenanthrene (19g): Compound 19g was synthesized according to
the dealkylation general procedure from 18g (340 mg, 1.02 mmol). The crude product was purified
via column chromatography (SiO2, 40% CH2Cl2: hexanes) yielding 19g as a white, flaky solid.
Yield: 274 mg (84%). 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.81 – 8.77 (m, 1H), 8.75 (ddq, J = 8.3,
1.3, 0.7 Hz, 1H), 7.93 – 7.89 (m, 1H), 7.84 (dd, J = 1.3, 0.7 Hz, 2H), 7.82 – 7.77 (m, 2H), 7.75 –
7.67 (m, 3H), 7.64 (ddd, J = 7.9, 7.0, 1.2 Hz, 1H), 7.55 – 7.45 (m, 2H), 7.43 (t, J = 0.6 Hz, 1H),
7.37 (ddd, J = 8.2, 6.9, 1.2 Hz, 1H), 4.95 (s, 1H).

C NMR (100 MHz, CDCl3, 25 °C) δ 151.63,
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134.76, 132.47, 131.35, 130.86, 130.76, 130.52, 129.44, 128.85, 128.83, 128.80, 127.76, 127.37,
127.18 (2 C), 127.13, 126.62, 126.60, 126.47, 123.94, 123.07, 122.67, 110.10. HRMS (ESI-TOF)
m/z calculated for C24H16O [M]+: 320.1196, found 320.1259.
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9-(1-hydroxy-2-naphthyl)phenanthrene (19h): Compound 19h was synthesized according to
the dealkylation general procedure from 18h (400 mg, 1.20 mmol). The crude product was purified
via column chromatography (SiO2, 40% CH2Cl2: hexanes) yielding 19h as a white, flaky solid.
Yield: 334 mg (87%). 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.86 – 8.81 (m, 1H), 8.81 – 8.76 (m,
1H), 8.36 – 8.30 (m, 1H), 7.96 – 7.89 (m, 2H), 7.88 (s, 1H), 7.78 – 7.70 (m, 3H), 7.70 – 7.64 (m,
1H), 7.61 – 7.50 (m, 4H), 7.43 (d, J = 8.4 Hz, 1H), 5.48 (s, 1H).
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C NMR (100 MHz, CDCl3, 25

°C) δ 148.91, 134.60, 132.89, 131.60, 131.20, 131.08, 130.64, 129.70, 128.95, 128.66, 127.72,
127.48, 127.34, 127.33, 127.29, 126.85, 126.77, 125.74, 124.41, 123.26, 122.83, 122.67, 120.08,
119.47. HRMS (ESI-TOF) m/z calculated for C24H16O [M]+: 320.1196, found 320.1250.

10-hydroxy-9-naphthylphenanthrene (19i): Compound 19i was synthesized according to the
dealkylation general procedure from 18i (425 mg, 1.22 mmol). The crude product was purified via
column chromatography (SiO2, 40% CH2Cl2: hexanes) yielding 19i as a white, flaky solid. Yield:
360 mg (92%). 1H NMR 400 MHz, CDCl3, 25 °C) δ 8.79 (ddt, J = 8.4, 1.3, 0.6 Hz, 1H), 8.73 (ddt,
J = 8.3, 1.2, 0.6 Hz, 1H), 8.43 (ddd, J = 8.1, 1.5, 0.6 Hz, 1H), 8.09 – 8.05 (m, 1H), 8.04 – 7.99 (m,
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1H), 7.77 (ddd, J = 8.4, 7.0, 1.5 Hz, 1H), 7.71 (ddt, J = 8.1, 7.0, 0.6 Hz, 2H), 7.63 (dd, J = 7.0, 1.3
Hz, 1H), 7.57 – 7.46 (m, 3H), 7.33 (ddt, J = 8.2, 6.9, 1.2 Hz, 2H), 7.12 (ddd, J = 8.2, 1.4, 0.6 Hz,
1H), 5.28 (s, 1H).

C NMR (100 MHz, CDCl3, 25 °C) δ 147.04, 134.43, 133.13, 133.00, 131.84,
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131.44, 130.02, 129.53, 128.63, 127.50, 127.06 (2 C), 126.79, 126.76, 126.56, 126.28, 126.04,
125.85, 125.17, 124.19, 123.30, 122.73, 122.70, 115.15. HRMS (ESI-TOF) m/z calculated for
C24H16O [M]+: 320.1196, found 320.1211.

4-hydroxy-3-naphthylphenanthrene (19j): Compound 19j was synthesized according to the
dealkylation general procedure from 18j (440 mg, 1.32 mmol). The crude product was purified via
column chromatography (SiO2, 40% CH2Cl2: hexanes) yielding 19j as a white, flaky solid. Yield:
316 mg (75%). 1H NMR (400 MHz, CDCl3, 25 °C) δ 9.72 – 9.61 (m, 1H), 8.06 – 8.01 (m, 1H), 7.99
(ddt, J = 8.3, 1.3, 0.6 Hz, 1H), 7.95 – 7.89 (m, 1H), 7.84 – 7.76 (m, 2H), 7.70 – 7.59 (m, 6H), 7.59
– 7.53 (m, 1H), 7.49 (d, J = 8.0 Hz, 1H), 7.44 (ddd, J = 8.3, 6.8, 1.3 Hz, 1H), 5.95 (s, 1H).
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NMR (101 MHz, CDCl3) δ 151.80, 134.84, 134.32, 133.96, 133.00, 132.46, 130.74, 129.43,
129.13, 128.93, 128.91, 128.66, 128.42, 128.35, 127.17, 127.12, 126.74, 126.69, 126.16, 126.04,
125.93, 123.75, 120.92, 119.33. HRMS (ESI-TOF) m/z calculated for C24H16O [M]+: 320.1196,
found 320.1205.
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1-hydroxy-2-naphthylphenanthrene (19k): Compound 19k was synthesized according to the
dealkylation general procedure from 18k (525 mg, 1.57 mmol). The crude product was purified
via column chromatography (SiO2, 40% CH2Cl2: hexanes) yielding 19k as a white, flaky solid.
Yield: 392 mg (78%). 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.78 – 8.66 (m, 1H), 8.40 (dt, J = 8.5,
0.7 Hz, 1H), 8.29 (dd, J = 9.0, 0.8 Hz, 1H), 8.04 – 7.93 (m, 3H), 7.86 – 7.79 (m, 1H), 7.75 – 7.60
(m, 5H), 7.59 – 7.54 (m, 2H), 7.47 (ddd, J = 8.3, 6.8, 1.3 Hz, 1H), 5.41 (s, 1H).
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C NMR (100

MHz, CDCl3, 25 °C) δ 149.38, 134.29, 134.13, 132.42, 132.17, 131.63, 130.23, 129.19, 129.12,
128.79, 128.73 (2 C), 127.10, 126.90, 126.77, 126.67, 126.60, 126.02, 125.89, 123.22, 121.90,
121.62, 120.91, 114.90. HRMS (ESI-TOF) m/z calculated for C24H16O [M]+: 320.1196, found
320.1243.

2-napthyl-3-hydroxyphenanthrene (19l): Compound 19l was synthesized according to the
dealkylation general procedure from 18l (325 mg, 0.97 mmol). The crude product was purified via
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column chromatography (SiO2, 40% CH2Cl2: hexanes) yielding 19l as a white, flaky solid. Yield:
274 mg (88%). 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.62 (s, 1H), 8.57 – 8.49 (m, 1H), 8.08 – 7.97
(m, 2H), 7.94 – 7.83 (m, 1H), 7.78 (d, J = 8.9 Hz, 1H), 7.74 (d, J = 9.2 Hz, 1H), 7.73 – 7.69 (m,
1H), 7.69 – 7.63 (m, 2H), 7.57 (tdd, J = 7.3, 3.1, 1.3 Hz, 3H), 7.53 (s, 1H), 7.47 (ddd, J = 8.3, 6.8,
1.3 Hz, 1H), 5.02 (s, 1H).

C NMR (100 MHz, CDCl3, 25 °C) δ 152.50, 134.41, 134.33, 134.03,
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132.45, 131.55, 130.77, 129.52, 129.04, 128.90, 128.17, 127.96, 127.34, 127.09, 126.88, 126.42,
126.15, 126.13, 126.08, 124.91, 122.53, 112.54. HRMS (ESI-TOF) m/z calculated for C24H16O
[M]+: 320.1196, found 320.1249.

4-(2-hydroxy-1-naphthyl)phenanthrene (19m): Compound 19m was synthesized according to
the dealkylation general procedure from 18m (220 mg, 0.66 mmol). The crude product was
purified via column chromatography (SiO2, 40% CH2Cl2: hexanes) yielding 19m as a white, flaky
solid. Yield: 151 mg (72%).1H NMR (400 MHz, CDCl3, 25 °C) δ 8.08 (dd, J = 8.0, 1.5 Hz, 1H),
7.96 (d, J = 8.9 Hz, 1H), 7.91 – 7.78 (m, 4H), 7.77 – 7.70 (m, 2H), 7.53 (dd, J = 7.2, 1.5 Hz, 1H),
7.40 (ddd, J = 8.0, 7.0, 1.1 Hz, 1H), 7.37 – 7.30 (m, 2H), 7.23 – 7.15 (m, 2H), 6.98 (ddd, J = 8.6,
7.0, 1.5 Hz, 1H), 4.90 (d, J = 0.5 Hz, 1H).
C NMR (100 MHz, CDCl3, 25 °C) δ 149.87, 134.43, 133.25, 133.14, 133.03, 131.01, 130.55,
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130.44, 130.35, 129.88, 129.52, 128.69, 128.38, 128.18, 127.72, 126.93, 126.91, 126.69, 126.60,
125.87, 124.99, 123.88, 123.79, 117.93. HRMS (ESI-TOF) m/z calculated for C24H16O [M]+:
320.1196, found 320.1218.
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2-hydroxy-1-naphthylphenanthrene (19n): Compound 19n was synthesized according to the
dealkylation general procedure from 18n (370 mg, 1.11 mmol). The crude product was purified
via column chromatography (SiO2, 40% CH2Cl2: hexanes) yielding 19n as a white, flaky solid.
Yield: 294 mg (83%). 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.78 (d, J = 9.1 Hz, 1H), 8.70 (d, J =
8.4 Hz, 1H), 8.06 (d, J = 8.3 Hz, 1H), 8.00 (d, J = 8.3 Hz, 1H), 7.80 (d, J = 7.8 Hz, 1H), 7.73 –
7.63 (m, 2H), 7.63 – 7.44 (m, 5H), 7.43 – 7.30 (m, 2H), 7.09 – 6.98 (m, 1H), 4.93 (s, 1H). 13C NMR
(100 MHz, CDCl3, 25 °C) δ 152.05, 134.35, 133.05, 132.56, 131.77, 130.76, 130.65, 129.75,
129.51, 128.66, 128.64, 127.77, 127.11, 126.97, 126.77, 126.17, 125.93, 125.90, 124.81, 124.55,
124.36, 122.41, 121.07, 116.50. HRMS (ESI-TOF) m/z calculated for C24H16O [M]+: 320.1196,
found 320.1214.

9-(8-hydroxy-1-napthyl)phenanthrene (19o): Compound 19o was synthesized according to the
dealkylation general procedure from 18o (240 mg, 0.72 mmol). The crude product was purified
via column chromatography (SiO2, 40% CH2Cl2: hexanes) yielding 19o as a brown solid. Yield:
138 mg (60%). 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.79 (tt, J = 7.6, 1.1 Hz, 2H), 7.98 (dt, J = 8.8,
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1.4 Hz, 1H), 7.95 – 7.88 (m, 2H), 7.76 (ddt, J = 8.6, 7.0, 1.6 Hz, 1H), 7.73 – 7.65 (m, 2H), 7.61 –
7.57 (m, 1H), 7.54 (tt, J = 7.3, 0.9 Hz, 1H), 7.50 – 7.38 (m, 3H), 7.34 (dt, J = 7.0, 1.4 Hz, 1H), 6.84
(dt, J = 7.5, 1.1 Hz, 1H), 5.65 (d, J = 1.3 Hz, 1H).

C NMR (100 MHz, CDCl3, 25 °C) δ 153.25,
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137.71, 135.82, 134.16, 131.76, 131.00, 130.67, 130.60, 129.33, 129.14, 129.12, 128.53, 127.68,
127.56, 127.52, 127.45, 127.38, 127.04, 125.32, 123.07, 122.91, 122.87, 121.24, 111.92. HRMS
(ESI-TOF) m/z calculated for C24H16O [M]+: 320.1196, found 320.1231.

4-(8-hydroxy-1-naphthyl)phenanthrene (19p): Compound 19p was synthesized according to
the dealkylation general procedure from 18p (250 mg, 0.80 mmol). The crude product was purified
via column chromatography (SiO2, 40% CH2Cl2: hexanes) yielding 19p as a white, flaky solid.
Yield: 161 mg (63%). 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.05 (dd, J = 7.8, 1.6 Hz, 1H), 7.98 (dd,
J = 8.3, 1.3 Hz, 1H), 7.87 – 7.80 (m, 3H), 7.67 (dd, J = 7.8, 7.2 Hz, 1H), 7.63 – 7.55 (m, 3H), 7.49
(dd, J = 8.3, 7.0 Hz, 1H), 7.45 – 7.36 (m, 2H), 7.19 (dd, J = 7.0, 1.3 Hz, 1H), 6.98 (ddd, J = 8.5,
7.0, 1.5 Hz, 1H), 6.84 (dd, J = 7.5, 1.2 Hz, 1H), 5.61 (s, 1H).

13

C NMR (100 MHz, CDCl3, 25 °C)

δ 153.54, 138.70, 138.34, 136.23, 134.13, 133.70, 131.37, 130.43 (2 C), 129.13, 128.87, 128.76,
128.72, 127.84, 127.50, 127.39, 127.20, 126.54, 126.11, 125.88, 125.84, 121.97, 121.29, 111.92.
HRMS (ESI-TOF) m/z calculated for C24H16O [M]+: 320.1196, found 320.1252.
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4-(8-hydroxy-1-naphthyl)phenanthrene (19q): Compound 19q was synthesized according to
the dealkylation general procedure from 18q (270 mg, 0.80 mmol). The crude product was purified
via column chromatography (SiO2, 40% CH2Cl2: hexanes) yielding 19q as a white, flaky solid.
Yield: 228 mg (89%). 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.89 (dt, J = 8.4, 1.2 Hz, 1H), 8.79 (d,
J = 8.3 Hz, 1H), 7.97 (dd, J = 8.3, 1.3 Hz, 1H), 7.86 (dd, J = 7.9, 1.5 Hz, 1H), 7.79 (dd, J = 8.3,
7.1 Hz, 1H), 7.77 – 7.67 (m, 2H), 7.66 – 7.59 (m, 2H), 7.58 (dd, J = 8.2, 1.2 Hz, 1H), 7.54 (dd, J
= 8.3, 7.0 Hz, 1H), 7.44 – 7.39 (m, 1H), 7.36 (dd, J = 9.1, 0.8 Hz, 1H), 7.29 (dd, J = 7.0, 1.3 Hz,
1H), 6.83 (dd, J = 7.6, 1.2 Hz, 1H), 5.29 (s, 1H).

C NMR (100 MHz, CDCl3, 25 °C) δ 153.32,

13

139.22, 135.82, 134.51, 132.09, 131.22, 130.93, 130.23, 129.20, 129.08, 128.84, 128.37, 128.22,
127.35, 127.19, 127.11, 126.17, 125.23, 124.39, 123.90, 123.13, 122.69, 121.22, 111.91. HRMS
(ESI-TOF) m/z calculated for C24H16O [M]+: 320.1196, found 320.1225.

General procedure for the synthesis of Compounds 44a-44q (triflation). Aryl alcohol (1.0 eq)
was loaded in an oven-dried 50 mL Schlenk flask equipped with a magnetic stirbar. The flask was
evacuated to an internal pressure of 100 mtorr and backfilled with N2 three times. Anhydrous
CH2Cl2 (5 mL/mmol) and anhydrous pyridine (1.5 eq) were added via syringe under N2 and the
reaction vessel was cooled to 0 °C in an ice/water bath for 10 minutes. Trifluoromethylsulfonic
anhydride (2.0 eq) was added dropwise via syringe over the course of 5 min. under N2 and the
flask was stirred for 2 h allowing it to warm to room temperature, monitored by TLC until the
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starting material was no longer observed. The reaction was cooled to 0 °C, water (30 mL) was
added and reaction mixture was extracted with CH2Cl2 (3 × 50 mL). The combined organic
extracts were rinsed with water (50 mL), brine (50 mL), dried over Na2SO4, and filtered.

1-(9-anthracenyl)-2-naphtyltrifluoromethylsulfonate (20a): Compound was synthesized
according to the triflation general procedure from 19a (350 mg, 1.09). The crude product was
purified via column chromatography (SiO2, 20% CH2Cl2: Hexanes) yielding 20a as a brown solid.
Yield: 428 mg, 92%. 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.66 (s, 1H), 8.19 – 8.15 (m, 1H), 8.12
(dtd, J = 8.6, 1.1, 0.5 Hz, 2H), 8.09 – 8.01 (m, 1H), 7.66 (d, J = 9.1 Hz, 1H), 7.56 (ddd, J = 8.1,
6.8, 1.2 Hz, 1H), 7.52 – 7.43 (m, 2H), 7.34 – 7.26 (m, 5H), 7.08 (dq, J = 8.6, 0.9 Hz, 1H). 13C NMR
(101 MHz, CDCl3) δ 145.88, 134.23, 132.65, 131.43, 131.06, 130.92, 129.14, 128.76 (2 C),
128.62, 128.34, 127.94, 127.28, 127.23, 126.85, 126.31 (2 C), 126.11 (2 C), 125.45 (2 C), 119.78.
F NMR (376 MHz, CDCl3) δ -78.06. HRMS (ESI-TOF) m/z calculated for C25H15O3SF3 [M - H]-:
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451.0621, found 451.0620.

2-(9-anthracenyl)-3-naphtyltrifluoromethylsulfonate (20b): Compound was synthesized
according to the triflation general procedure from 19a (350 mg, 1.09 mmol). The crude product
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was purified via column chromatography (SiO2, 20% CH2Cl2: Hexanes) yielding 20a as a white
solid. Yield: 423 mg, 86%. 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.60 (s, 1H), 8.12 – 8.07 (m, 2H),
8.04 (s, 3H), 7.96 – 7.90 (m, 1H), 7.74 – 7.62 (m, 2H), 7.62 – 7.56 (m, 2H), 7.49 (ddd, J = 8.4,
6.5, 1.2 Hz, 2H), 7.38 (ddd, J = 8.8, 6.5, 1.3 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 146.59, 133.89,
133.41, 132.51, 131.34, 130.91, 130.37, 129.26, 128.70 (2 C), 128.42, 128.15, 128.12, 127.89,
127.77, 126.22 (2 C), 126.17 (2 C), 125.36 (2 C), 119.86, δ 118.11 (CF3, q, J = 320.5 Hz).

19

F

NMR (376 MHz, CDCl3) δ -77.79. HRMS (ESI-TOF) m/z calculated for C25H15O3SF3 [M - H]-:
451.0621, found 451.0622.

2-(9-anthracenyl)-1-naphtyltrifluoromethylsulfonate (20c): Compound was synthesized
according to the triflation general procedure from 19c (330 mg, 1.03 mmol). The crude product
was purified via column chromatography (SiO2, 20% CH2Cl2: Hexanes) yielding 20c as a white
solid. Yield: 438 mg, 94%. 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.61 (s, 1H), 8.35 – 8.29 (m, 1H),
8.11 – 8.08 (m, 2H), 8.08 – 8.05 (m, 2H), 7.78 (ddd, J = 8.4, 6.8, 1.5 Hz, 1H), 7.73 (ddd, J = 8.2,
7.0, 1.3 Hz, 1H), 7.64 – 7.57 (m, 3H), 7.49 (ddd, J = 8.5, 6.5, 1.2 Hz, 2H), 7.39 (ddd, J = 8.8, 6.5,
1.3 Hz, 2H). 13C NMR (100 MHz, CDCl3, 25 °C) δ 143.74, 134.91, 131.46, 130.63, 130.52, 129.68,
129.65, 128.71 (2 C), 128.61, 128.56, 128.53, 128.34, 127.77, 127.65, 126.33 (2 C), 126.18 (2
C), 125.39 (2 C), 122.04, δ 117.80 (CF3, q, J = 320.9 Hz).

F NMR (376 MHz, CDCl3) δ -77.66.
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HRMS (ESI-TOF) m/z calculated for C25H15O3SF3 [M-H]-: 451.0621, found 451.0643.
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3-anthracenyl-2-(1-naphthyl)trifluoromethylsulfonate (20d): Compound was synthesized
according to the triflation general procedure from 19d (200 mg, 0.63 mmol). The crude product
was purified via column chromatography (SiO2, 20% CH2Cl2: Hexanes) yielding 20d as a beige
flaky solid. Yield: 192 mg, (68%). 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.56 (s, 1H), 8.50 (s, 1H),
8.15 (s, 1H), 8.10 (s, 2H), 8.10 – 8.03 (m, 2H), 8.02 – 7.93 (m, 2H), 7.64 (ddd, J = 8.4, 1.3, 0.7
Hz, 1H), 7.61 (d, J = 3.4 Hz, 1H), 7.60 – 7.50 (m, 4H), 7.45 (ddd, J = 8.3, 6.8, 1.4 Hz, 1H).
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C

NMR (100 MHz, CDCl3, 25 °C) δ 145.77, 133.65, 133.44, 132.84, 132.70, 132.58, 132.31, 132.13,
130.46, 130.18, 129.22, 128.80, 128.47, 128.41, 128.24, 126.95, 126.90, 126.65, 126.59, 126.54,
126.16, 125.70, 125.24, 119.63, 118.35 (CF3, q, J = 320.6 Hz).

F NMR (376 MHz, CDCl3) δ -
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77.38. HRMS (ESI-TOF) m/z calculated for C25H15O3SF3 [M-H]-: 451.0621, found 451.0603.

2-anthracenyl-1-(1-naphthyl)trifluoromethylsulfonate (20e): Compound was synthesized
according to the triflation general procedure from 19e (230 mg, 0.72 mmol). The crude product
was purified via column chromatography (SiO2, 20% CH2Cl2: Hexanes) yielding 20e as a beige
flaky solid. Yield: 276 mg, (85%). 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.58 (s, 1H), 8.22 (d, J =
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9.2 Hz, 1H), 8.09 (d, J = 8.2 Hz, 1H), 8.04 (d, J = 8.5 Hz, 1H), 8.00 (d, J = 8.2 Hz, 1H), 7.92 (s,
1H), 7.74 – 7.64 (m, 2H), 7.60 (dd, J = 7.1, 1.3 Hz, 1H), 7.54 (d, J = 9.3 Hz, 1H), 7.49 (ddd, J =
8.0, 6.3, 1.6 Hz, 2H), 7.40 (ddd, J = 8.0, 6.6, 1.2 Hz, 1H), 7.33 – 7.27 (m, 2H).
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C NMR (100

MHz, CDCl3, 25 °C) δ 144.49, 133.89, 132.67, 132.46, 132.17, 131.72, 131.31, 130.87, 130.75,
130.39, 129.53, 129.38, 128.59 (2 C), 128.10, 127.23, 126.69, 126.64, 126.63, 126.45, 126.34,
125.91, 125.51, 119.55, δ 118.41 (CF3, q, J = 320.2 Hz).

F NMR (376 MHz, CDCl3) δ -77.66.
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HRMS (ESI-TOF) m/z calculated for C25H15O3SF3 [M-H]-: 451.0621, found 451.0633.

2-naphtyl-1-(9-phenanthrenyl)-trifluoromethylsulfonate

(20f):

Compound

20f

was

synthesized according to the triflation general procedure from 19f (300 mg, 0.94 mmol). The crude
product was purified via column chromatography (SiO2, 20% CH2Cl2: Hexanes) yielding 20f as a
white solid. Yield: 381 mg, 90%. 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.89 – 8.69 (m, 2H), 8.11 –
8.06 (m, 1H), 8.00 (d, J = 8.2 Hz, 1H), 7.93 (dd, J = 7.8, 1.4 Hz, 1H), 7.82 (s, 1H), 7.76 (ddd, J =
8.4, 7.0, 1.5 Hz, 1H), 7.71 – 7.64 (m, 2H), 7.60 (d, J = 9.1 Hz, 1H), 7.56 (ddd, J = 8.2, 6.7, 1.3 Hz,
1H), 7.46 – 7.32 (m, 3H), 7.28 – 7.26 (m, 1H).

C NMR (100 MHz, CDCl3, 25 °C) δ 145.22,
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134.05, 132.61, 131.31, 131.26, 130.79, 130.76, 130.61 (2 C), 130.39, 129.43, 129.08, 128.26,
127.74, 127.49, 127.22, 127.19, 127.13, 126.96, 126.94, 126.66, 123.08, 122.83, 119.64.

19

F

NMR (376 MHz, CDCl3) δ -77.59. HRMS (ESI-TOF) m/z calculated for C25H15O3SF3 [M-H]-:
451.0621, found 451.0638.
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3-naphtyl-2-(9-phenanthrenyl)-trifluoromethylsulfonate

(20g):

Compound

20g

was

synthesized according to the triflation general procedure from 19g (270 mg, 0.84 mmol). The
crude product was purified via column chromatography (SiO2, 20% CH2Cl2: Hexanes) yielding
20g as a white solid. Yield: 339 mg, 89%. 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.80 (ddt, J = 8.3,
1.2, 0.6 Hz, 1H), 8.77 (ddt, J = 8.9, 1.2, 0.6 Hz, 1H), 8.06 (q, J = 0.5 Hz, 1H), 8.02 – 7.98 (m, 1H),
7.98 – 7.90 (m, 3H), 7.83 (s, 1H), 7.76 – 7.69 (m, 2H), 7.68 – 7.61 (m, 3H), 7.58 (ddd, J = 8.3,
1.6, 0.6 Hz, 1H), 7.52 (ddd, J = 8.2, 6.8, 1.2 Hz, 1H). 13C NMR (100 MHz, CDCl3, 25 °C) δ 145.97,
133.18, 132.64, 132.55, 132.40, 132.18, 131.24, 131.14, 130.66, 130.53, 129.83, 129.06, 128.10,
128.06, 127.78, 127.74, 127.40, 127.11, 126.90, 126.88, 126.56, 123.07, 122.80, 119.74.
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F

NMR (376 MHz, CDCl3) δ -77.14. HRMS (ESI-TOF) m/z calculated for C25H15O3SF3 [M-H]-:
451.0621, found 451.0615.

1-naphtyl-2-(9-phenanthrenyl)-trifluoromethylsulfonate

(20h):

Compound

20h

was

synthesized according to the triflation general procedure from 19h (425 mg, 1.33 mmol). The
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crude product was purified via column chromatography (SiO2, 20% CH2Cl2: Hexanes) yielding
20h as a white flaky solid. Yield: 552 mg, 92%. 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.81 (ddt, J
= 8.3, 1.2, 0.6 Hz, 1H), 8.77 (ddq, J = 8.3, 1.2, 0.6 Hz, 1H), 8.29 (dd, J = 8.5, 1.0 Hz, 1H), 8.02
(dddd, J = 7.8, 5.9, 1.1, 0.5 Hz, 2H), 7.94 (ddd, J = 7.8, 1.3, 0.7 Hz, 1H), 7.86 (s, 1H), 7.78 – 7.65
(m, 6H), 7.63 (d, J = 8.4 Hz, 1H), 7.54 (ddd, J = 8.2, 6.9, 1.2 Hz, 1H). 13C NMR (100 MHz, CDCl3,
25 °C) δ 142.99, 134.61, 132.36, 131.54, 131.28, 130.73, 130.68, 130.60, 130.01, 129.65, 129.04,
128.44, 128.40, 128.23, 127.58, 127.54, 127.45, 127.11, 126.88 (2 C), 126.61, 123.04, 122.77,
121.96, δ 118.07 (CF3, q, J = 320.8 Hz). 19F NMR (376 MHz, CDCl3, 25°C) δ -77.22. HRMS (ESITOF) m/z calculated for C25H15O3SF3 [M-H]-: 451.0621, found 451.0647.

10-(1-naphthyl)-9-phenanthrenyltrifluoromethylsulfonate

(20i):

Compound

20i

was

synthesized according to the triflation general procedure from 19i (350 mg, 1.09 mmol). The crude
product was purified via column chromatography (SiO2, 20% CH2Cl2: Hexanes) yielding 20i as a
white powder. Yield: 475 mg, 96%. 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.85 (dd, J = 8.4, 1.1 Hz,
1H), 8.81 (ddd, J = 8.4, 1.2, 0.6 Hz, 1H), 8.34 (dd, J = 7.8, 1.9 Hz, 1H), 8.05 (dd, J = 8.1, 1.0 Hz,
1H), 7.97 (dd, J = 8.1, 0.9 Hz, 1H), 7.88 – 7.78 (m, 2H), 7.71 (ddd, J = 8.4, 6.8, 1.5 Hz, 1H), 7.66
(dd, J = 8.1, 7.0 Hz, 1H), 7.61 (dd, J = 7.1, 1.4 Hz, 1H), 7.50 (ddd, J = 8.1, 6.4, 1.6 Hz, 1H), 7.46
– 7.41 (m, 1H), 7.39 – 7.29 (m, 3H). 13C NMR (100 MHz, CDCl3, 25 °C) δ 142.18, 133.82, 132.68,
131.95, 131.92, 130.95, 130.12, 129.92, 129.88, 129.49, 128.42 (2 C), 128.37, 128.17, 127.94,
127.68, 126.57, 126.23, 126.04, 125.99, 125.38, 123.14, 122.97, 122.90, δ 118.09 (CF3, d, J =
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320.9 Hz). 19F NMR (376 MHz, CDCl3) δ -77.01. HRMS (ESI-TOF) m/z calculated for C25H15O3SF3
[M-H]-: 451.0621, found 451.0631.

3-(1-naphthyl)-4-phenanthrenyltrifluoromethylsulfonate

(19j):

Compound

20j

was

synthesized according to the triflation general procedure from 19j (300 mg, 0.94 mmol). The crude
product was purified via column chromatography (SiO2, 20% CH2Cl2: Hexanes) yielding 20j as a
brown waxy solid. Yield: 302 mg, 71%. 1H NMR (400 MHz, CDCl3, 25 °C) δ 9.16 – 9.07 (m, 1H),
8.05 – 7.94 (m, 4H), 7.89 (ddd, J = 7.3, 1.6, 0.8 Hz, 1H), 7.87 (d, J = 9.3 Hz, 1H), 7.80 (d, J = 8.8
Hz, 1H), 7.75 – 7.66 (m, 4H), 7.63 (dd, J = 8.2, 7.1 Hz, 1H), 7.55 (ddd, J = 8.2, 6.8, 1.5 Hz, 1H),
7.51 (ddd, J = 8.3, 6.8, 1.6 Hz, 1H). 13C NMR (100 MHz, CDCl3, 25 °C) δ 143.48, 133.81, 133.72,
132.27, 132.05, 132.02, 131.82, 130.29, 129.75, 129.60, 129.27, 129.07, 128.96, 128.47, 127.86,
127.84, 126.65, 126.16, 126.13, 125.70, 125.30, 123.09, 123.02, 119.51.
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F NMR (376 MHz,

CDCl3) δ -77.31. HRMS (ESI-TOF) m/z calculated for C25H15O3SF3 [M-H]-: 451.0621, found
451.0618.
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2-(1-naphthyl)-1-phenanthrenyltrifluoromethylsulfonate

(19k):

Compound

20k

was

synthesized according to the triflation general procedure from 19k (392 mg, 1.22 mmol). The
crude product was purified via column chromatography (SiO2, 20% CH2Cl2: Hexanes) yielding
20k as a white powder. Yield: 487 mg, 88%. 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.84 (dt, J = 8.4,
0.8 Hz, 1H), 8.76 (ddq, J = 8.2, 1.4, 0.7 Hz, 1H), 8.18 (dd, J = 9.2, 0.8 Hz, 1H), 8.02 – 7.94 (m,
4H), 7.81 – 7.75 (m, 2H), 7.72 (ddd, J = 7.7, 7.0, 1.3 Hz, 1H), 7.67 (ddt, J = 8.5, 1.6, 0.8 Hz, 1H),
7.61 (d, J = 2.3 Hz, 1H), 7.54 (ddd, J = 8.2, 6.8, 1.3 Hz, 1H), 7.46 (ddd, J = 8.3, 6.8, 1.4 Hz, 1H).
C NMR (100 MHz, CDCl3, 25 °C) δ 143.48, 133.81, 133.72, 132.27, 132.05, 132.02, 131.82,
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130.29, 129.75, 129.60, 129.27, 129.07, 128.96, 128.47, 127.86, 127.84, 126.65, 126.16, 126.13,
125.70, 125.30, 123.09, 123.02, 119.51, δ 118.08 (CF3, q, J = 320.7 Hz).

19

F NMR (376 MHz,

CDCl3) δ -77.31. HRMS (ESI-TOF) m/z calculated for C25H15O3SF3 [M-H]-: 451.0621, found
451.0654.
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2-(1-naphthyl)-3-phenanthrenyltrifluoromethylsulfonate

(19l):

Compound

20l

was

synthesized according to the triflation general procedure from 19l (272 mg, 0.85 mmol). The crude
product was purified via column chromatography (SiO2, 20% CH2Cl2: Hexanes) yielding 20l as a
white powder. Yield: 315 mg, 82%. 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.82 (s, 1H), 8.62 – 8.55
(m, 1H), 8.05 – 7.93 (m, 4H), 7.91 (d, J = 8.9 Hz, 1H), 7.83 (d, J = 8.9 Hz, 1H), 7.71 – 7.59 (m,
5H), 7.54 (ddd, J = 8.2, 6.8, 1.3 Hz, 1H), 7.44 (ddd, J = 8.3, 6.8, 1.4 Hz, 1H). 13C NMR (100 MHz,
CDCl3, 25 °C) δ 146.17, 133.69, 133.57, 132.54, 132.51, 132.37, 132.20, 129.80, 129.70, 129.26,
129.21, 129.03, 128.78, 128.49, 127.84, 127.68, 127.52, 126.68, 126.19, 125.94, 125.68, 125.22,
123.07, 120.46.

F NMR (376 MHz, CDCl3) δ -77.38. HRMS (ESI-TOF) m/z calculated for
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C25H15O3SF3 [M-H]-: 451.0621, found 451.0581.

2-naphthyl-1-(4-phenanthrenyl)-trifluoromethylsulfonate (20m):

Compound 20m was

synthesized according to the triflation general procedure from 19m (140 mg, 0.44 mmol). The
crude product was purified via column chromatography (SiO2, 20% CH2Cl2: Hexanes) yielding
20m as a white powder. Yield: 146 mg, 74%. 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.92 (d, J = 9.0
Hz, 1H), 8.77 (ddd, J = 8.3, 1.2, 0.6 Hz, 1H), 8.05 (dt, J = 8.4, 1.2 Hz, 1H), 7.98 (dt, J = 8.5, 1.0
Hz, 1H), 7.87 (dd, J = 7.8, 1.5 Hz, 1H), 7.78 – 7.72 (m, 2H), 7.69 – 7.64 (m, 2H), 7.62 (d, J = 8.8
Hz, 1H), 7.56 (dd, J = 7.0, 1.3 Hz, 1H), 7.51 (ddd, J = 8.2, 6.7, 1.3 Hz, 1H), 7.32 (ddd, J = 8.2,
6.7, 1.3 Hz, 1H), 7.23 (ddd, J = 8.4, 1.9, 0.8 Hz, 2H). 13C NMR (100 MHz, CDCl3, 25 °C) δ 145.96,
133.73, 133.12, 132.63, 132.00, 131.53, 130.98, 130.02, 129.81, 129.40, 129.29, 128.99, 128.86,
128.51, 127.69, 127.56, 126.65, 126.27, 125.82, 125.38, 124.92, 124.71, 123.14, 119.54.
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F

NMR (376 MHz, CDCl3) δ -77.60. HRMS (ESI-TOF) m/z calculated for C25H15O3SF3 [M-H]+:
451.0621, found 451.0632.

1-(1-naphthyl)-2-phenanthrenyltrifluoromethylsulfonate

(20n):

Compound

20n

was

synthesized according to the triflation general procedure from 19n (294 mg, 0.92 mmol). The
crude product was purified via column chromatography (SiO2, 20% CH2Cl2: Hexanes) yielding
20n as a white powder. Yield: 377 mg, 91%. 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.14 – 8.05 (m,
2H), 8.03 (d, J = 8.3 Hz, 1H), 7.87 (d, J = 8.8 Hz, 1H), 7.84 (dd, J = 7.9, 1.5 Hz, 1H), 7.80 (d, J =
8.9 Hz, 1H), 7.72 (dd, J = 7.9, 7.3 Hz, 1H), 7.30 (dd, J = 8.7, 0.9 Hz, 1H), 6.93 (ddd, J = 8.6, 7.0,
1.5 Hz, 1H). 13C NMR (100 MHz, CDCl3, 25 °C) δ 144.27, 135.41, 134.10, 133.61, 133.44, 133.19,
132.44, 130.66, 130.57, 130.36, 130.12, 129.05, 128.55, 128.25, 128.20, 127.95, 127.62, 127.31,
126.54, 126.20, 126.17, 126.08, 120.31. 19F NMR (376 MHz, CDCl3) δ -77.38. HRMS (ESI-TOF)
m/z calculated for C25H15O3SF3 [M-H]+: 451.0621, found 451.0618.
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1-naphthyl-8-(9-phenanthrenyl)trifluormethylsulfonate

(20o):

Compound

20o

was

synthesized according to the triflation general procedure from 19o (138 mg, 0.43 mmol). The
crude product was purified via column chromatography (SiO2, 20% CH2Cl2: Hexanes) yielding
20o as a brown solid. Yield: 130 mg, 67%. 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.79 (ddd, J = 8.8,
1.2, 0.6 Hz, 1H), 8.76 (dd, J = 8.7, 1.2 Hz, 1H), 8.07 – 8.00 (m, 2H), 7.92 (dd, J = 7.8, 1.5 Hz,
1H), 7.80 (s, 1H), 7.75 – 7.58 (m, 5H), 7.58 – 7.49 (m, 1H), 7.36 (ddd, J = 8.2, 7.0, 1.3 Hz, 2H),
7.22 (dd, J = 8.3, 1.0 Hz, 4H).

C NMR (100 MHz, CDCl3, 25 °C) δ 146.09, 138.28, 136.03,
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135.38, 132.65, 132.42, 131.90, 130.56, 130.46, 129.66, 128.77 (2 C), 128.50, 127.08, 126.91,
126.81, 126.50, 126.42, 126.37, 125.98, 125.31, 123.04, 122.62, 119.09, 119.07, δ 118.24 (CF3,
q, J = 321.6 Hz).

F NMR (376 MHz, CDCl3) δ -77.22. HRMS (ESI-TOF) m/z calculated for
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C25H15O3SF3 [M-H]-: 451.0621, found 451.0610.

1-naphthyl-8-(4-phenanthrenyl)trifluormethylsulfonate

(20p):

Compound

20p

was

synthesized according to the triflation general procedure from 19p (138 mg, 0.43 mmol). The
crude product was purified via column chromatography (SiO2, 20% CH2Cl2: Hexanes) yielding
20p as a brown solid. Yield: 138 mg, 71%. 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.07 – 8.01 (m,
2H), 7.98 (dd, J = 7.7, 1.6 Hz, 1H), 7.84 (d, J = 8.9 Hz, 1H), 7.80 (s, 1H), 7.75 (d, J = 8.8 Hz, 1H),
7.69 – 7.59 (m, 2H), 7.55 – 7.49 (m, 2H), 7.49 – 7.45 (m, 1H), 7.37 – 7.30 (m, 3H), 6.85 (ddd, J =
8.6, 6.9, 1.5 Hz, 1H). 13C NMR (100 MHz, CDCl3, 25 °C) δ 146.33, 139.69, 139.39, 136.54, 133.81,
133.58, 131.68, 131.22, 130.45, 129.52, 129.34, 129.21, 128.68, 128.35, 127.87, 127.53, 127.44,
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127.35, 125.77, 125.55, 125.44, 125.05, 124.68, 118.61, 118.59, δ 118.21 (CF3, q, J = 321.3 Hz).
HRMS (ESI-TOF) m/z calculated for C25H15O3SF3 [M-H]-: 451.0621, found 451.0629.

1-naphthyl-8-(1-phenanthrenyl)trifluormethylsulfonate

(20q):

Compound

20q

was

synthesized according to the triflation general procedure from 19q (161 mg, 0.50 mmol). The
crude product was purified via column chromatography (SiO2, 20% CH2Cl2: Hexanes) yielding
20q as a white, flaky solid. Yield: 192 mg, 85%. 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.86 – 8.76
(m, 2H), 8.08 – 7.99 (m, 2H), 7.84 (dd, J = 7.8, 1.4 Hz, 1H), 7.75 (dd, J = 8.4, 7.2 Hz, 1H), 7.72 –
7.66 (m, 2H), 7.64 – 7.51 (m, 5H), 7.40 (ddd, J = 7.6, 1.3, 0.6 Hz, 1H), 7.22 (dd, J = 9.2, 0.8 Hz,
1H).

C NMR (100 MHz, CDCl3, 25 °C) δ 146.33, 139.69, 139.39, 136.54, 133.81, 133.58,
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131.68, 131.22, 130.45, 129.52, 129.34, 129.21, 128.68, 128.35, 127.87, 127.53, 127.44, 127.35,
125.77, 125.55, 125.44, 125.05, 124.68, 118.61, 118.59, δ 118.21 (CF3, q, J = 321.4 Hz).
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F

NMR (376 MHz, CDCl3) δ -76.43. HRMS (ESI-TOF) m/z calculated for C25H15O3SF3 [M-H]-:
451.0621, found 451.0623.

General procedure for the synthesis of PAHs 45a-45l (Pd-catalyzed intramolecular ring
closing). In a Ar-filled glovebox, aryl triflate (1.0 eq), LiCl (5.0 eq), PCy3 (0.4 eq), and Pd2(dba)3
(0.05 eq) were loaded into a 50 mL Schlenk flask equipped with a magnetic stirbar and sealed
with a greased glass stopcock. The flask was removed from the glovebox while sealed and quickly
attached to a reflux condenser under N2. The flask was evacuated to an internal pressure of 100
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mtorr and backfilled with N2 three times. A mixture of anhydrous DMF (10 mL/mmol) and DBU
(2.5 eq) was bubbled with N2 for ca. 30 min, added to the reaction mixture via syringe and the
flask was heated under N2 to 145 °C for 8 h, monitored by TLC until the starting material was no
longer observed. The flask was cooled to room temperature before water (30 mL) was added and
the resulting mixture was extracted with CH2Cl2 (3 x 20 mL). The combined organic phase was
then rinsed with water (2 x 30 mL), brine (30 mL), dried over Na2SO4, and filtered. The solvent
was removed under reduced pressure in a rotary evaporator at 45 °C and the residue was purified
via column chromatography (SiO2: 5% CH2Cl2: hexanes). (Note: Reactions that form multiple PAH
isomers co-elute with column chromatography and require the mixture be washed in refluxing
hexanes or benzene for isolation of the desired product.

Dibenzo[a,l]fluoranthene (db[a,l]f): Compound db[a,l]f was synthesized according to the Pdcatalyzed intramolecular ring closing general procedure from 20a (360 mg, 0.8 mmol). The
crude product was purified via column chromatography (SiO2: 5% CH2Cl2: hexanes) yielding
db[a,l]f as a deep red solid. Yield: 209 mg, 87%. 1H NMR (400 MHz, Chloroform-d) δ 8.99 (dt,
J = 8.9, 1.0 Hz, 1H), 8.89 (d, J = 8.5 Hz, 1H), 8.55 (s, 1H), 8.19 – 8.16 (m, 1H), 8.15 (d, J = 8.2
Hz, 1H), 8.11 (dd, J = 6.7, 0.7 Hz, 1H), 8.05 (d, J = 8.4 Hz, 1H), 8.00 – 7.96 (m, 1H), 7.92 (d, J =
8.2 Hz, 1H), 7.71 – 7.61 (m, 3H), 7.52 (ddt, J = 8.0, 6.7, 1.1 Hz, 2H). 13C NMR (101 MHz,
CDCl3) δ 137.41, 137.04, 136.88, 135.53, 135.04, 134.03, 130.82, 130.54, 130.01, 129.30,
129.19, 129.17, 128.19, 127.95, 127.55, 127.46, 127.25, 127.10, 126.98, 125.83, 125.09,
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124.78, 121.57, 119.87. HRMS (ESI-TOF) m/z calculated for C24H14 [M]+: 302.1090, found
302.1124.

Dibenzo[a,k]fluoranthene (db[a,k]f): Compound db[a,k]f was synthesized according to the
Pd-catalyzed intramolecular ring closing general procedure from 20b (360 mg, 0.80 mmol). The
residue was purified via column chromatography (SiO2: 5% CH2Cl2: hexanes) yielding db[a,k]f
as a yellow solid. Yield: 205 mg, 85%. 1H NMR (400 MHz, Chloroform-d) δ 8.89 (d, J = 8.7 Hz,
1H), 8.72 (s, 1H), 8.43 (s, 1H), 8.37 (d, J = 0.7 Hz, 1H), 8.15 (d, J = 8.6 Hz, 1H), 8.07 – 8.00 (m,
2H), 7.98 (d, J = 8.5 Hz, 1H), 7.97 – 7.92 (m, 1H), 7.72 (ddd, J = 8.8, 6.6, 1.3 Hz, 1H), 7.67 (dd,
J = 8.5, 6.7 Hz, 1H), 7.58 – 7.48 (m, 3H). 13C NMR (101 MHz, CDCl3) δ 138.80, 137.74, 136.95,
134.69, 134.01, 133.92, 132.71, 131.46, 130.70, 129.15, 128.72, 128.60, 128.45, 127.66,
127.37, 126.95, 126.63, 126.26, 126.16, 125.23, 124.56, 122.75, 120.47, 118.89. HRMS (ESITOF) m/z calculated for C24H14 [M]+: 302.1090, found 302.1057.

Dibenzo[a,j]fluoranthene (db[a,j]f): Compound db[a,j]f was synthesized according to the Pdcatalyzed intramolecular ring closing general procedure from 20c (360 mg, 0.80 mmol). The
residue was purified via column chromatography (SiO2: 5% CH2Cl2: hexanes) yielding db[a,j]f
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as a bright orange solid. Yield: 222 mg, 92%. 1H NMR (400 MHz, Chloroform-d) δ 8.75 (d, J =
8.8 Hz, 1H), 8.70 (d, J = 8.2 Hz, 1H), 8.46 (dd, J = 7.7, 5.3 Hz, 2H), 8.37 (s, 1H), 8.07 (d, J = 8.5
Hz, 1H), 7.94 (d, J = 8.4 Hz, 2H), 7.91 (d, J = 8.2 Hz, 2H), 7.86 (d, J = 8.5 Hz, 1H), 7.68 – 7.55
(m, 3H), 7.47 (dddd, J = 8.1, 6.7, 2.4, 1.1 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 139.14,
137.68, 134.59, 133.45, 133.19, 131.32, 130.84, 130.82, 130.14, 129.62, 129.30, 128.53,
128.46, 127.79, 127.56, 127.53, 127.51, 127.12, 125.15, 125.04, 124.81, 124.25, 124.20,
122.37. HRMS (ESI-TOF) m/z calculated for C24H14 [M]+: 302.1090, found 302.1062.

Naphtho[2,3-k]fluoranthene (n[2,3-k]f): Compound n[2,3-k]f was synthesized according to
the Pd-catalyzed intramolecular ring closing general procedure from 20d (170 mg, 0.38 mmol).
The residue was purified via column chromatography (SiO2: 5% CH2Cl2: hexanes) yielding a
combination of n[2,3-k]f (52%) and n[2,3-j]f (28%). The desired product was isolated by
washing the mixture in refluxing hexanes and subsequent cooling in an ice-water bath yielding
n[2,3-k]f as a gold-yellow solid. Yield: 42 mg, 37%. 1H NMR (400 MHz, Chloroform-d) δ 8.50 (s,
2H), 8.47 (s, 2H), 8.07 – 8.00 (m, 4H), 7.85 (dd, J = 8.3, 0.6 Hz, 2H), 7.69 (dd, J = 8.2, 6.9 Hz,
2H), 7.53 – 7.44 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 137.90 (2 C), 137.15 (2 C), 136.75,
132.29 (2 C), 131.95 (2 C), 131.11, 128.45 (2 C), 128.36 (2 C), 127.36 (2 C), 126.14 (2 C),
125.73 (2 C), 120.30 (2 C), 118.83 (2 C). HRMS (ESI-TOF) m/z calculated for C24H14 [M]+:
302.1090, found 302.1145.
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Naphtho[2,3-j]fluoranthene (n[2,3-j]f): Compound n[2,3-j]f was synthesized according to the
Pd-catalyzed intramolecular ring closing general procedure from 20e (260 mg, 0.58 mmol). The
residue was purified via column chromatography (SiO2: 5% CH2Cl2: hexanes) yielding a mixture
of n[2,3-j]f (54%) and db[a,j]f (22%) The desired product was isolated by recrystallization in
benzene and subsequent cooling in an ice-water bath yielding n[2,3-j]f as a red-orange solid.
Yield: 61 mg, 35%. 1H NMR (400 MHz, Chloroform-d) δ 9.23 (s, 1H), 8.65 (d, J = 7.0 Hz, 1H),
8.50 (d, J = 1.1 Hz, 1H), 8.11 (ddt, J = 8.3, 1.5, 0.8 Hz, 1H), 8.06 (s, 2H), 8.05 – 7.98 (m, 2H),
7.89 (ddd, J = 8.1, 7.4, 0.6 Hz, 2H), 7.76 (dd, J = 8.2, 7.0 Hz, 1H), 7.65 (dd, J = 8.2, 6.8 Hz, 1H),
7.55 – 7.44 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 138.17, 137.45, 137.31, 133.90, 132.61,
132.55, 131.77, 131.42, 129.56, 129.15, 128.94, 128.52, 128.41, 128.37, 128.04, 127.93,
127.80, 127.26, 126.03, 125.55, 124.61, 122.76, 121.42, 119.97. HRMS (ESI-TOF) m/z
calculated for C24H14 [M]+: 302.1090, found 302.1120.

Dibenzo[b,l]fluoranthene (db[b,l]f): Compound db[b,l]f was synthesized according to the Pdcatalyzed intramolecular ring closing general procedure from 20f (300 mg, 0.66 mmol). The
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residue was purified via column chromatography (SiO2: 5% CH2Cl2: hexanes) yielding db[b,l]f
as a yellow-green solid. Yield: 182 mg, 91%. 1H NMR (400 MHz, Chloroform-d) δ 8.74 (d, J =
8.5 Hz, 1H), 8.64 – 8.58 (m, 2H), 8.40 (dt, J = 8.1, 0.5 Hz, 1H), 8.09 – 8.04 (m, 1H), 7.98 (d, J =
8.3 Hz, 1H), 7.95 (dd, J = 7.1, 0.7 Hz, 2H), 7.96 – 7.88 (m, 2H), 7.85 (dt, J = 8.2, 0.6 Hz, 1H),
7.74 – 7.61 (m, 4H), 7.50 (ddd, J = 8.1, 6.8, 1.2 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 139.48,
137.22, 135.96, 134.36, 134.03, 133.16, 132.01, 130.90, 130.70, 130.68, 129.55, 129.13,
128.13, 127.47, 127.27, 127.20, 126.91, 126.11, 125.39, 124.35, 123.07, 122.03, 119.87,
119.82. HRMS (ESI-TOF) m/z calculated for C24H14 [M]+: 302.1090, found 302.1146.

Dibenzo[b,k]fluoranthene (db[b,k]f): Compound db[b,k]f was synthesized according to the
Pd-catalyzed intramolecular ring closing general procedure from 20g (280 mg, 0.62 mmol). The
residue was purified via column chromatography (SiO2: 5% CH2Cl2: hexanes) yielding db[b,k]f
as a white solid. Yield: 160 mg, 85%. 1H NMR (400 MHz, Chloroform-d) δ 8.67 (dd, J = 8.0, 1.4
Hz, 1H), 8.49 (d, J = 8.0 Hz, 1H), 8.42 (s, 1H), 8.32 (s, 2H), 8.29 (s, 1H), 8.08 (ddd, J = 9.2, 7.0,
1.1 Hz, 2H), 8.00 – 7.93 (m, 2H), 7.81 (dd, J = 8.1, 7.1 Hz, 1H), 7.70 (ddd, J = 8.0, 7.0, 1.6 Hz,
1H), 7.65 (ddd, J = 7.6, 7.0, 1.5 Hz, 1H), 7.55 – 7.47 (m, 2H). 13C NMR (101 MHz, CDCl3) δ
138.84, 137.12, 135.08, 134.67, 134.28, 133.90, 133.55, 130.60, 130.26, 128.92, 128.83,
128.59, 128.18, 127.07 (2 C), 126.34, 126.14, 123.31, 121.81, 120.92, 120.55, 120.05, 119.47.
HRMS (ESI-TOF) m/z calculated for C24H14 [M]+: 302.1090, found 302.1167.
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Dibenzo[b,j]fluoranthene (db[b,j]f): Compound db[b,j]f was synthesized according to the Pdcatalyzed intramolecular ring closing general procedure from 20h (250 mg, 0.55 mmol). The
residue was purified via column chromatography (SiO2: 5% CH2Cl2: hexanes) yielding db[b,j]f
as a yellow-green solid. Yield: 147 mg, 88%. 1H NMR (400 MHz, Chloroform-d) δ 8.73 (d, J =
8.2 Hz, 1H), 8.64 (d, J = 8.1 Hz, 1H), 8.44 (d, J = 7.7 Hz, 2H), 8.24 (s, 1H), 8.08 (d, J = 8.3 Hz,
1H), 8.03 (dd, J = 7.8, 1.5 Hz, 1H), 7.94 (d, J = 8.2 Hz, 1H), 7.86 (d, J = 8.3 Hz, 1H), 7.79 (dd, J
= 8.1, 7.3 Hz, 1H), 7.69 (ddd, J = 8.2, 7.0, 1.5 Hz, 1H), 7.66 – 7.58 (m, 2H), 7.51 (ddd, J = 8.1,
6.8, 1.2 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 137.91, 136.74, 135.95, 135.40, 134.45, 134.09,
132.01, 131.24, 130.53, 130.36, 129.44, 128.49, 128.38, 127.36, 127.34, 127.09, 126.95,
125.66, 124.51, 123.33, 123.22, 122.53, 121.64, 120.05. HRMS (ESI-TOF) m/z calculated for
C24H14 [M]+: 302.1090, found 302.1068.
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Dibenzo[j,l]fluoranthene (db[j,l]f): Compound db[j,l]f was synthesized according to the Pdcatalyzed intramolecular ring closing general procedure from 20i (420 mg, 0.93 mmol). The
residue was purified via column chromatography (SiO2: 5% CH2Cl2: hexanes) yielding a mixture
of db[j,l]f (55%) and db[b,l]f (21%) The desired product was isolated by washing the mixture in
refluxing hexanes and subsequent cooling in an ice-water bath yielding db[j,l]f as a fluffy
yellow-orange solid. Yield: 107 mg, 38%. 1H NMR (400 MHz, Chloroform-d) δ 8.93 – 8.87 (m,
2H), 8.82 – 8.76 (m, 2H), 8.55 (d, J = 7.1 Hz, 2H), 7.89 (d, J = 8.1 Hz, 2H), 7.78 – 7.63 (m, 6H).
C NMR (101 MHz, CDCl3) δ 137.98 (2 C), 133.96 (2 C), 132.13, 131.07 (2 C), 130.01 (2 C),
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129.54, 128.10 (2 C), 127.73 (2 C), 127.36 (2 C), 126.38 (2 C), 125.13 (2 C), 123.81 (2 C).
HRMS (ESI-TOF) m/z calculated for C24H14 [M]+: 302.1090, found 302.1158.

Naphtho[1,2-j]fluoranthene (n[1,2-j]f): Compound n[1,2-j]f was synthesized according to the
Pd-catalyzed intramolecular ring closing general procedure from 20j (280 mg, 0.62 mmol). The
residue was purified via column chromatography (SiO2: 5% CH2Cl2: hexanes) yielding a mixture
of n[1,2-j]f (44%) and n[1,2-k]f (14%) The desired product was isolated by washing the mixture
in refluxing hexanes and subsequent cooling in an ice-water bath yielding n[1,2-j]f as a yellowgreen solid. Yield: 54 mg, 29%. 1H NMR (400 MHz, Chloroform-d) δ 9.59 – 9.54 (m, 1H), 8.83
(d, J = 7.2 Hz, 1H), 8.14 (d, J = 7.9 Hz, 1H), 8.07 (dd, J = 6.9, 0.7 Hz, 1H), 7.95 – 7.91 (m, 1H),
7.90 (dd, J = 4.1, 0.7 Hz, 1H), 7.88 (dd, J = 4.1, 0.7 Hz, 1H), 7.85 (dd, J = 7.9, 0.4 Hz, 1H), 7.75
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(d, J = 8.8 Hz, 1H), 7.71 – 7.67 (m, 2H), 7.67 – 7.60 (m, 3H). 13C NMR (101 MHz, CDCl3) δ
139.55, 138.68, 136.90, 135.21, 133.39, 133.34, 132.39, 130.17, 130.05, 129.34, 128.42,
128.00, 127.85 (2 C), 127.67, 127.60, 127.37, 127.31, 127.28, 126.29, 124.95, 124.36, 120.45,
120.16. HRMS (ESI-TOF) m/z calculated for C24H14 [M]+: 302.1090, found 302.1124.

Naphtho[2,1-j]fluoranthene (n[2,1-j]f): Compound n[2,1-j]f was synthesized according to the
Pd-catalyzed intramolecular ring closing general procedure from 20k (450 mg, 1.00 mmol). The
residue was purified via column chromatography (SiO2: 5% CH2Cl2: hexanes) yielding a mixture
of n[2,1-j]f (48%) and n[1,2-k]f (18%) The desired product was isolated by washing the mixture
in refluxing hexanes and subsequent cooling in an ice-water bath yielding n[2,1-j]f as a pale
green solid. Yield: 76 mg, 25%. HRMS (ESI-TOF) m/z calculated for C24H14 [M]+: 302.1090,
found 302.1178.

Naphtho[1,2-k]fluoranthene (n[1,2-k]f): Compound n[1,2-k]f was synthesized according to
the Pd-catalyzed intramolecular ring closing general procedure from 20l (300 mg, 0.66 mmol).

145

The residue was purified via column chromatography (SiO2: 5% CH2Cl2: hexanes) yielding
n[1,2-k]f as a pale yellow solid. Yield: 120 mg, 60%. 1H NMR (400 MHz, Chloroform-d) δ 8.78 –
8.71 (m, 2H), 8.68 (d, J = 9.1 Hz, 1H), 8.49 (d, J = 7.0 Hz, 1H), 8.20 (d, J = 8.4 Hz, 1H), 8.05
(dd, J = 6.9, 0.7 Hz, 1H), 7.95 – 7.86 (m, 4H), 7.73 (dd, J = 8.2, 7.1 Hz, 1H), 7.68 (ddt, J = 6.9,
4.6, 3.2 Hz, 2H), 7.61 (ddd, J = 8.1, 7.0, 1.2 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 138.40,
137.97, 137.01, 135.29, 132.63, 131.71, 131.25, 130.66, 129.99, 129.34, 128.84, 128.37,
128.30, 128.07, 127.42, 127.12, 127.07, 126.65, 124.34, 123.22, 123.15, 122.69, 120.77,
120.11. HRMS (ESI-TOF) m/z calculated for C24H14 [M]+: 302.1090, found 302.1112.

Naptho[1,2-j]fluoranthene (n[1,2-j]f): In an Ar-filled glovebox compound 20m (90 mg, 0.20
mmol), Pd2(dba)3 (9 mg, 0.01 mmol), PCy3 (11 mg, 0.04 mmol), and LiCl (37 mg, 1 mmol) were
loaded into a 10 mL microwave vessel equipped with a magnetic stirbar. The vessel was sealed
with a septum cap, and removed from the glovebox. A solution of anhydrous DMF (2 mmol) and
DBU (0.075 mL, 0.50 mmol) was bubbled with N2 for ca. 30 minutes before being added to the
reaction mixture via syringe. The reaction was then placed in a microwave reactor and heated to
140 °C for 1 hour. The flask was cooled to room temperature before pouring the contents over
water (20 mL) and extracting the aqueous phase with CH2Cl2 (3 x 20 mL). The combined
organic phase was rinsed with water (2 x 20 mL), brine (20 mL), dried over Na2SO4, and filtered.
The solvent was removed under reduced pressure in a rotary evaporator at 45 °C and the
residue was purified via column chromatography (SiO2: 5% CH2Cl2: hexanes) yielding n[1,2-j]f
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as a yellow-green solid. Yield: 37 mg, 61%. HRMS (ESI-TOF) m/z calculated for C24H14 [M]+:
302.1090, found 302.1095.

Naphtho[2,1-j]fluoranthene (n[2,1-j]f): Compound n[2,1-j]f was synthesized according to the
Pd-catalyzed intramolecular ring closing general procedure from 20n (360 mg, 0.80 mmol). The
residue was purified via column chromatography (SiO2: 5% CH2Cl2: hexanes) yielding a mixture
of n[2,1-j]f (48%) and db[b,j]f (18%) The desired product was isolated by washing the mixture
in refluxing hexanes and subsequent cooling in an ice-water bath yielding n[2,1-j]f as a fluffy
light green solid. Yield: 97 mg, 40%. HRMS (ESI-TOF) m/z calculated for C24H14 [M]+: 302.1090,
found 302.1118.

Dibenzo[j,l]fluoranthene (db[j,l]f): Compound db[j,l]f was synthesized according to the Pdcatalyzed intramolecular ring closing general procedure from 20o (110 mg, 0.24 mmol). The
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residue was purified via column chromatography (SiO2: 5% CH2Cl2: hexanes) yielding db[j,l]f as
a orange-yellow solid. Yield: 53 mg, 72%. HRMS (ESI-TOF) m/z calculated for C24H14 [M]+:
302.1090, found 302.1112.

Naptho[1,2-j]fluoranthene (n[1,2-j]f): Compound n[1,2-j]f was synthesized according to the
Pd-catalyzed intramolecular ring closing general procedure from 20p (125 mg, 0.28 mmol). The
residue was purified via column chromatography (SiO2: 5% CH2Cl2: hexanes) yielding n[1,2-j]f
as a yellow-green solid. Yield: 55 mg, 65%. HRMS (ESI-TOF) m/z calculated for C24H14 [M]+:
302.1090, found 302.1114.

Naptho[2,1-j]fluoranthene (n[2,1-j]f): Compound n[2,1-j]f was synthesized according to the
Pd-catalyzed intramolecular ring closing general procedure from 20q (180 mg, 0.40 mmol). The
residue was purified via column chromatography (SiO2: 5% CH2Cl2: hexanes) yielding n[2,1-j]f
as a pale green solid. Yield: 76 mg, 63%. HRMS (ESI-TOF) m/z calculated for C24H14 [M]+:
302.1090, found 302.1099.
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2.2

Results and Discussion

Our strategy starts with identifying aryl boronate and halide building blocks that could be
coupled via Suzuki reaction, with each pair featuring an alkoxy group in a specific position.
Dealkylation and subsequent triflation would enable the Pd-catalyzed ring closing in order to
synthesize the fluoranthene PAH isomers. The general scheme can be appreciated in Figure 2-2

2.2.1 Suzuki Coupling Optimization
We began by preparing 9-anthracenyl boronic acid and 2-methoxy-1-bromo naphthalene
and subjected the pair to Suzuki conditions in order to prepare compound 18a (Figure 2-23,
attempt A). This strategy however, was not forthcoming as it yielded very little of 18a (15%) and
a large abundance of deborylated anthracene. We then switched the functionalities of the coupling
partners, pairing 2-methoxy-1-naphthyl boronic acid (compound 2) and 9-bromoanthracene
(compound

10,

Figure

2-23,

Figure 2-14 Suzuki coupling optimization
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attempt

B).

This arrangement fared much better as the isolated yield of 18a increased to 82%. Due to
this result we designed the remaining building blocks around paring naphtyl boronates with
anthracenyl/phenanthrenyl halides, and thus avoiding the low yields described by the first attempt.
This result prompted the synthesis of a library of coupling partners consisting of boronates 1-6
and aryl halides 7-14. Many of these building blocks are either commercially available, reported
previously in literature procedures, or were analogously synthesized from similar procedures. Two
of the building blocks (compounds 6 & 9) required a new route for their synthesis, which is
described in the following section

2.2.2 Synthesis of Coupling Partners 6 & 9
2.2.2.1 Synthesis of Compound 6
Multiple efforts to synthesize 4,4,5,5-tetramethyl-2-[1-(8-methoxynaphthalen)yl]-1,3,2dioxaborolane (compound 6) were employed prior to its successful preparation. Literature shows
that 1-methoxy naphthalene could be lithiated in the 8 position by employing t-BuLi in THF at
room temperature over an extended period of time (24 h). 34 Originally, assuming lithiation
occurred at the desired position, and considering that a boronate moiety was the desired target,
it was determined that simply quenching the reaction with triisopropyl borate or isopropoxy bpin
would evoke the desired result. Both these efforts failed resulting in what could only be assumed
to be methoxy naphthalenes borylated at a multitude of positions. The tBuLi protocol was
attempted a number of other times, but in this case attempting to brominate in the desired 8position,

with

the

intent

of

borylating

in
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a

subsequent

step,

this

too

failed.

Figure 2-15 Synthetic attempts towards the acquisition of compound 6.

These initial results caused us to rethink our approach. Starting from 1,8
diiodonaphthalene, a single iodide position was methoxylated via Ulmann etherification with
sodium methoxide formed from sodium hydride and methanol. This reaction required close
monitoring as it requires only one iodide to be etherified. From there, a simple nBuLi driven
borylation resulted in the desired compound with a 74% yield (Figure 2-25).

2.2.2.2 Synthesis of Compound 9
2-Methoxymethyl-1-bromo anthracene (compound 9), required several troubleshooting
attempts to successfully synthesize. The first synthesis involved attempting to functionalize the 1position of 2-methoxy anthracene via ortho-alkoxy bromination with triethylamine and NBS in
CH2Cl2.
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Figure 2-16 Synthetic attempts towards the acquisition of compound 9.

This did not result in the desired product but rather bromination in the 9-position, as noted in
Figure 2-24. Next, an attempt was made, again with 2-methoxy anthracene, to brominate via
ortho-directed

lithiation

of

the

1-position

using

n-butyl

lithium

(nBuLi)

and

tetramethylethylenediamine (TMEDA). nBuLi is known to lithiate aromatic positions ortho to alkoxy
groups and can be quenched by the introduction of a source of electrophilic bromine, such as 1,2
dibromoethane to halogenate at the lithiated position. A similar strategy was employed for the
literature synthesis of compound 8, which resulted in the successful bromination of the 3-position
in 2-methoxy anthracene. In situations where two positions exist ortho to the alkoxy,
regioselectivity can sometimes be achieved by the application or absence of TMEDA, where nBuLi
alone lithiates at the least sterically hindered ortho-position (the 3-position on anthracene) while
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the introduction of TMEDA into an otherwise identical scenario results in lithiation at the most
sterically hindered ortho-position (the 1-position on anthracene). This however, also resulted in
9-bromo-2-methoxy anthracene and it was hypothesized that a stronger ortho-lithiation directing
group was required.
A literature search of analogous ortho-lithiations yielded a procedure where 2methylmethoxy(MOM)

anthracene

was

successfully

lithiated

at

the

1-position

using

BuLi/TMEDA.32 It was determined that this was due to the MOM group’s stronger ortho-directing

n

properties for lithiations. Though the referenced procedure quenched with DMF so as to place an
aldehyde in the 1-position, the formation of the aryl lithium could be appropriately modified by
quenching with a source of electrophilic bromide, rather than DMF. Accordingly, by subjecting 2methoxymethyl anthracene to nBuLi/TMEDA and quenching with tetrafluoro-dibromo ethane, the
successful synthesis of compound 9 was achieved. Though the substrate was found to
decompose when in solid form, even under nitrogen atmosphere or high vacuum, storage of the
compound in an air-free toluene solution stabilized the substrate, enabling the subsequent Suzuki
coupling.

Figure 2-17 General synthetic route for the preparation of dibenzo- and naphtho- fluoranthenes. Aryl
bromides and boronates are shown in Table 1 and Table 2. Reaction conditions. i) Pd(PPh3)4, K2CO3,
toluene/EtOH/H2O, 110 °C. ii) BBr3, CH2Cl2, 0 °C. iii) Tf2O, pyridine, CH2Cl2, 0 °C. iv) Pd2(dba)3, PCy3,
DBU, LiCl, DMF 145 °C.
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Figure 2-18 Products obtained from ring-closing of compound 20a, including db[a,l]f, and undesired
side products 19a and 21a.

2.2.3 Suzuki, Dealkylation, and Triflation
With the desired building blocks identified, the compounds were successfully coupled
using Pd(PPh3)4 and K2CO3 in toluene/EtOH/H2O, resulting in the formation of aryl ethers 18a-l in
high yields (above 70%). It is worth noting, that beyond the initial optimization process, outlined
in section 3.3.1, the Suzuki procedure required no additional troubleshooting when applied to the
remaining components, despite the steric congestion present between certain coupling partners.
This distinguishes our work from that of Rice and Cai due to the fact that the pairing of the
individual compounds was performed using a range of different methods including blocking
groups, Suzuki, and Kumada coupling procedures, affording our method with the advantage of
additional simplicity. These two steps are synthetically very easy to perform, and many times both
could be achieved within the time span of a single day. Dealkylation of compounds 18a-l using
BBr3/CH2Cl2 followed by reaction with triflic anhydride (Tf2O)/pyridine/CH2Cl2 afforded the PAH
precursors 20a-l, the results of which are compiled in Table 2-1.

2.2.4 Optimization of Pd-catalyzed Fluoranthene Ring-Closing
The initial fluoranthene synthesis protocol was originally utilized to synthesize a vast
library of low MW fluoranthenes (MW > 282) with moderate to high yields in short reaction times. 2425

However, we found that when applying this method to compound 20a, less than a 30% yield of

db[a,l]f was obtained with the appearance of side products 19a and 21a (Table 2-2, entry 1).
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Table 2-1 Coupling Pairs, Intermediates and PAHs
18/19/20
PAHa
18/19/20
Coupling Pairs

Coupling Pairs

PAHa

3
2

7

R = Me, 18a, 82%
R = H, 19a, 88%
R = Tf, 20a, 92%

db[a,l]f 87%
10

R = Me, 18b, 84%
R = H, 19b, 93%
R = Tf, 20b, 86%

db[a,k]f 85%
10

R = Me, 18c, 85%
R = H, 19c, 84%
R = Tf, 20c, 94%

db[a,j]f 92%
11

db[b,j]f 88%

R = Et, 18i, 77%
R = H, 19i, 92%
R = Tf, 20i, 96%

db[j,l]f 35% c

5

5

8

R = Me, 18h, 78%
R = H, 19h, 87%
R = Tf, 20h, 92%

5

4

7

db[b,k]f 85%

4

3

7

R = Me, 18g, 75%
R = H, 19g, 84%
R = Tf, 20g, 89%

R = Me, 18d, 90%
R = H, 19d, 65%
R = Tf, 20d, 68%

n[2,3-k]f 37%

b

12

R = Me, 18j, 80%
R = H, 19j, 75%
R = Tf, 20j, 71%

n[1,2-j]f 29% b

5
5

9

R = MOM, 18e, 75%
R = H, 19e, 75%
R = Tf, 20e, 85%

n[2,3-j]f 35% c
13

2

10
a

R = Me, 18k, 92%
R = H, 19k, 78%
R = Tf, 20k, 88%

n[2,1-j]f 25% b

5
R = Me, 18f, 73%
R = H, 19f, 90%
R = Tf, 20f, 90%
b

db[b,l]f 91%
c

Isolated yield for ring-closing step. 1,5 Migration product observed. 1,4 Migration product observed
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14

R = Me, 18l, 85%
R = H, 19l, 88%
R = Tf, 20l, 82%

n[1,2-k]f 60%

Increasing the reaction time from 12 h to 36 h showed a moderate improvement to 40% (Table 22, entry 2), while increasing the concentrations of LiCl and DBU simultaneously improved yields
even further to 58 (Table 2-2, entries 3-5). Next, rather than increasing reaction times or reagents
concentrations further we added 0.4 equivalents of PPh3, a strategy employed by Rice and Cai
for substrates that featured methoxy substitutions, this seem boosted yields even further, but the
gains could be considered moderate.25
We then turned to additional commercially available catalytic systems, such as Pd(PPh3)4,
Pd(dppf)Cl2, and PEPPSI-iPr. These did not result an increase in yield, with the latter two resulting
in low PAH formation (Table 2-2, entries 8-10) and high isolated yields of the side products. A
report by Wang et al.35 use the electron rich PCy3 (Cy = cyclohexyl) in a similar transformation for
the synthesis of benzo[ghi]fluoranthene (MW = 226), obtaining high conversions. Utilizing a Pd(0)
source (e.g. Pd2(dba)3), with PCy3 and increased DBU/LiCl concentrations resulted in an isolated
yield of 87% for PAH db[a,l]f with 9% of 19a and trace amounts of 21a (Table 2-2, entry11).
Applying these conditions to precursors 20b-l resulted in preparation of the eleven remaining
fluoranthenes (Table 2-1).

2.2.5 Pd-migrations and Structural Rearrangements
When using Pd2(dba)3/PCy3, the isolated yields were greater for substrates with the triflate
positioned on the naphthyl fraction (compounds 20a, 20b, 20c, 20f, 20g, and 20h). When applying
these conditions to substrates featuring the triflate on the phenanthrene or anthracene fragment,
as in the ring-closing of 20i to form db[j,l]f, impurities were observed co-eluting with the product.
Originally mistaken for de-triflated side product, as seen during the ring-closing optimization, the
desired PAH was isolated by washing the solid in refluxing hexanes and subsequent filtration,
although the isolated yield was greatly decreased. Upon closer examination of the impure
mixture’s 1H NMR (Figure 2-26) it was determined that the impurity signals matched the profile of
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a previously isolated PAH, db[b,l]f. As we progressed further through the remaining substrates,
more PAH impurities became manifest, and as in the previous instance the isolated yield of the
desired product was significantly decreased due to the difficulty is separating the two isomers
formed.
Before troubleshooting could begin, a better understanding of the relevant mechanisms
was required. A literature search, which included the original Rice and Cai fluoranthene paper,
along with others, revealed that Pd-catalyzed C-H activated ring-closings can undergo structural
rearrangements as a result of either 1,436-38 or 1,5 Pd-migrations25, the proposed mechanism for
which can be seen in Figure 2-27. By analyzing the various side products formed from the five
substrates that featured more than one fluoranthene product, it was determined that in each
instance one of these two events took place. A 1,5 migration results from protonation of the sixmembered organo-palladium intermediate such that the Pd atom switches from the
phenanthrene/anthracene portion to the naphthyl, rather than closing the ring. From there, the
two and three membered rings must rotate about the single bond they share before reforming the
six-membered Pd ring intermediate and subsequently forming the fluoranthene.
In contrast, a 1,4 migration occurs when the inserted Pd forms a five membered ring with
an adjacent carbon, rather than the six-membered ring that the compound was designed to form.
Because reductive elimination of such an intermediate would result in a product forming a highly
strained 4-membered carbon ring, it can then detach from its original site via protonation, rotate
about the bond shared between the two coupled ring systems, and form the fluoranthene ring with
an alternative structure than what was intended. We observed 1,4 migrations in 20e, and 20i and
1,5 migrations in 20d, 20j, and 20k.
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Figure 2-19 H NMR showing appearance of db[b,l]f side product in the ring closing reaction of 18i
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Figure 2-20 Catalytic cycle for the formation of fluoranthene including the stages where Pdmigrations may occur.
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.

It is interesting to note, that despite there being a mechanistic pathway for such migrations
to occur in previously isolated PAHs, these were not observed. Such examples are triflates 20b,
20c, 20f, 20g, and 20h, where 1,5-migration side products are possible in each except 20f where
only a 1,4-migration is possible. Although, not thoroughly studied, either in this work or previously,
an observable trend is apparent. The difference, as mentioned earlier, lies with the cyclic fragment
where the triflate originates. Systems bearing naphthyl triflates did not suffer Pd migrations, where
anthracene/phenanthrene bearing triflates did.

2.2.6 Synthetic Redesign of Precursors that Rearrange
With the intention of improving yields, and avoiding potential rearrangements, the
synthesis of n[1,2-j]f and n[2,1-j]f were redesigned to incorporate the pairing of boronates 2 and
5 with halides 16 and 17 (Table 2-2), respectively, to form 20m-n. Compound 20m (Figure 2-28)
was deliberately designed to take advantage of the 1,4 migration with the intention of preparing
n[1,2-j]f. Figure 4 shows the proposed mechanism where the 1,4 migration stage is included as
the elemental step that results in exclusive formation of n[1,2-j]f. While under thermal conditions,
the reaction proceeded slowly (20% conversion over 24 h), using a microwave reactor increased
the yield to 61% in only 1 h.
These results suggest that extra energy was required to facilitate the rearrangement.
Substrate 20n still rearranged via a 1,4 migration, however; it showed an improvement in the
isolated yield of n[2,1-j]f (up to 40%). This however, was due largely to an improvement in relative
solubility between the desired and side products, rather than an increase in the percent
conversion of n[2,1-j]f. The side product from the ring-closing of compound 20k was n[2,1-k]f
which is less soluble than n[2,1-j]f and thereby resulted in an increased loss of product during
purification.
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Figure 2-21 Original route for the synthesis of a) n[1,2-j]f and b) n[2,1-j]f. c) Rearrangement-free route
for n[1,2-j]f under microwave conditions. d) Redesigned route for n[2,1-j]f featuring a 1,4 migration
side products. e) Rearrangement-free route of n[1,2-j]f under thermal conditions. e) Rearrangementfree route of n[1,2-j]f. Catalyst and other reagents omitted for clarity.
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Figure 2-22 Proposed catalytic cycle including a 1,4-Pd migration that enables the synthesis of
n[1,2-j]f.
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Table 2-2 Redesigned synthesis of n[1,2-j]f, n[2,1-j]f, and db[j,l]f.
Coupling Pairs

18/19/20

PAHa

R = Me, 18m, 69%
R = H, 19m, 72%
R = Tf, 20m, 74%

n[1,2-j]f 61%

R = Me, 18n, 80%
R = H, 19n, 83%
R = Tf, 20n, 91%

n[2,1-j]f 40% b

2

16

5

15

6

10

R = Me, 18o, 76%
R = H, 19o, 60%
R = Tf, 20o, 67%

db[j,l]f 74% c

6

16

R = Me, 18p, 80%
R = H, 19p, 63%
R = Tf, 20p, 71%

n[1,2-j]f 65%

6

R = MOM, 18q, 86%
R = H, 19q, 89%
R = Tf, 20q, 85%

17
a
Isolated yield for ring-closing step. b1,5 Migration product observed. c1,4 Migration product observed

n[2,1-j]f 63%

In contrast, the ring closing of compound 20n creates db[b,l]f, which is much more soluble
than n[2,1-j]f, thereby easing purification. With our initial redesign a moderate success, then set
about redesigning substrates that avoid rearrangements completely. To this end we paired
boronate 6 with aryl halides 10, 16, and 17 obtaining aryl triflates 20o, 20p, and 20q (Figure 2163

28). In these substrates, the triflate group is anchored on the naphthyl fragment, rather than the
phenanthrene, and thus eliminates the possibility of 1,5 rearrangements. This is because there is
only one available C-H in the 5 position, so if a 1,5 migration occurs, the final product will be the
same. Additionally, the 4 position in these molecules is now a quaternary carbon, and thus avoids
1,4 migrations. The only pathway for rearrangements remaining requires a 1,5 migration followed
by a 1,4 migration, which was not observed. The result is the formation of db[j,l]f, n[1,2-j]f, and
n[2,1-j]f, free of rearranged products with greatly improved yields (Table 2-3).

2.3

Conclusion

We prepared a library of twelve dibenzo- and naphtho- fluoranthene isomers with MW =
302 via selective pairing of accessible building blocks. By applying a Pd-catalyzed arene-triflate
ring-closing procedure as the final synthetic step, analytically pure samples of each PAH were
isolated, despite the appearance of undesired isomers. Using previously established research we
were able to identify the source of the rearrangements and in some cases use them to our
advantage, by designing a substrate that would rearrange into a regiospecific isomer. Additional
improvements gains were made by choosing substrates where Pd-migrations are not possible.
This was achieved by housing the triflate on the 8 position on the naphthalene region and by
choosing coupling partners so as restrict access of the inserted Pd to more than one carbon
capable of C-H activation. This both followed the trend established by substrates that underwent
regioselective ring closing and eliminated easy rearrangement pathways.
In addtion, the compounds themselves, many of them previously not previously
synthesized or isolated, have a number of interesting electronic properties. As stated above, the
elucidation of PAH composition in environmental samples, featuring a mutitude of similarly
structures with varied toxicities, is an often studied and important topic of research currently. With
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the synthesized fluoranthenes isolated, their spectroscopic and electrochemical properties can
be used to determine their abundance among a complex mixture of isomers with identical
molecular weight. Their extensive characterization can be found in the following chapter.
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CHAPTER 3:
SPECTROSCOPIC AND ELECTROCHEMICAL
CHARACTERIZATION OF DIBENZO AND NAPTHO
FLUORANTHENES
A version of this content was previously published and adapted with permission as
Modular

Design

of

Fluorescent

Dibenzo-

and

Naphtho-Fluoranthenes:

Structural

Rearrangements and Electronic Properties. The Journal of Organic Chemistry 2018, 83 (15),
8036-8053. Copyright 2018 American Chemical Society.
The challenges and shortcomings associated with identifying specific polycyclic aromatic
hydrocarbon (PAH) isomers via standard mass spectrometry has required the developments of
advanced methods of analysis.1 It is well-known that even within structural isomers, PAHs can
adopt different electronic structures, and therefore can exhibit distinct electrochemical, absorption
and emission profiles.2 These characteristic differences in electronic properties can be exploited
to discern one isomer from another, but only after analytical standards of each compound has
been previously isolated and rigorously characterized.3-4 Due to the propensity for structural
rearrangements associated with PAH formation, for both our synthetic method and others 5-9,
unambiguous structural assignment is required before probing the electronic structure of the
isomer in question. Ideally, this is best performed via single crystal X-ray diffraction10-11, but this
requires time consuming trial and error crystallization attempts to correctly grow a crystal of
sufficient size and quality for analysis. Additionally, many of the fluoranthenes synthesized in Ch.
2 were not stable in solution for the extended periods of time that is required for proper crystal
growth.
An alternative is to utilize 2 dimensional nuclear magnetic spectroscopy (2D NMR)
techniques. Provided that the compound being analyzed was sufficiently soluble in the deuterated
solvents, the atomistic connectivities could be reliably determined.12-14 Traditionally, this is rarely
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employed for complete 1H/13C identification of PAHs for a number of reasons. First, the flat
aromatic structure leads to poorly soluble compounds, due to their penchant for stacking, making
sample preparation difficult in some cases. Additionally, resolution of the 1H and 13C NMR signals
can be difficult to discern given their close proximity in an all aromatic polycyclic system.
Nonetheless, due to the presence of molecular features like bays, coves, and fjords which disrupt
the planar stacking, all the compounds synthesized are of sufficient solubility for 2D NMR
analysis. Additionally, the intramolecular steric interactions from the bays and coves lead to
differences in many of the proton and carbon NMR signals, easing the interpretation of the data.
This chapter presents the molecular and electronic structural characterization of the twelve
dibenzo and naphtho fluoranthenes synthesized in Chapter 2. The library was first analyzed using
1

H,

13

C, COSY, TOCSY, HSQC, and HMBC NMR techniques to determine their unambiguous

structures.

Following

identification,

their

electronic

properties

were

probed

via

absorption/emission spectroscopy and cyclic voltammetry, demonstrating a profound diversity in
electronic structures between isomers. Highlighting the significant differences in emission of
visible light, this library of PAHs will enable their standardization for toxicological assessment and
potential use as optoelectronic materials.

3.1

Experimental

PAHs studied here were synthesized according to experimental procedures outlined in
Chapter 2. High-resolution 1H,

13

C, COSY, TOCSY, HSQC, and HMBC nuclear magnetic

resonance (NMR) spectra were collected using a Bruker AVANCE-III 400 MHz spectrometer. 1H
and 13C chemical shifts are referenced to TMS as 0 ppm and assigned using the residual solvent
signal. All fluoranthenes were analyzed using COSY, TOCSY, HSQC, and HMBC NMR pulse
sequences, in addition to standard 1D methods. The majority of these experiments were
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performed in CDCl3, but in the case of n[1,2-j]f and n[1,2-k] where either the 1H or 13C spectra is
exceptionally convoluted CD6Cl6 and CD2Cl2 were used, respectively. In such cases 1D spectra
for both the alternative solvent and CDCl3 is supplied. For n[1,2-j]f in C6D6,

13

C chemical shifts

were acquired using HSQC cross sectional peaks. Numbering of 1H and 13C was done according
to IUPAC guidelines.15
Absorption and fluorescence were measured in spectroscopic grade heptane at ~10-3 M.
Absorption spectroscopy was collected using a PerkinElmer Lambda UV/Vis Spectrometer.
Emission spectroscopy was collected using a Horiba Fluoromax 4. Due to their low fluorescence
quantum yields, emission spectra of compounds db[a,l]f and db[a,j] were measured with a 5 nm
slit width, for all other PAHs a 2 nm slit width was used. Stokes shift determinations were made
with corrected absorption and fluorescence spectra according to literature.16 For compounds that
lack fine structures in their fluorescence spectra (db[a,j]f, db[a,l]f, db[b,l]f, db[b,j]f, db[j,l]f,
n[1,2-j]f, and n[2,1-j]f) the Stokes shift was determined from the longest wavelength absorption
band to the λmax of fluorescence as done previously.17 Quantum yield calculations were performed
via the indirect method using perylene in spectroscopic grade cyclohexane as a standard with ΦF
= 0.94.18
Cyclic Voltammetry was measured with a SI Instruments 730C Bipotentiostat-galvanostat
in an Ar-filled glovebox at a 1.0 mM PAH concentration in 0.1 M NH4PF6 / CH2Cl2 electrolyte with
a 2 mm Pt-disc working electrode, Pt counter electrode, and Pt reference electrode. The scan
rate is 100 mV/s for all figures. Potential was referenced against an internal standard of
FeCp2+/FeCp2 as 0 V.

3.2

Results and Discussion

Upon successful isolation of the twelve dibenzo- and naphtho- fluoranthenes, outlined in
Chaper 2, they were initially subjected to 1D 1H/13C and mass spectrometry, each of which
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showed the correct chemical shifts, integration values, splitting patterns, as well as molecular ion
masses. For the characterization of common organic compounds, this would be considered
sufficient; however, due to the previously mentioned propensity of these compounds towards
structural rearrangements, as well as their multiple structural similarities, a more authoritative
identification via 2-dimensional NMR is required.

3.2.1 Nuclear Magnetic Resonance Experiments
The following sections outlines each of the 1-dimensional and 2-dimensional NMR
techniques applied for all of the PAHs. Their individual applications are too numerous to outline
here, but for each technique, an example of structural information is given in reference to db[b,l]f
in addition to Figures 3.2-3.7 which accompany each explanation. Additionally, once the utilized
techniques are introduced, a step-by-step 2D analysis is described for db[a,l]f in Figure 3-8.

3.2.1.1 One-Dimensional 1H NMR
As mentioned previously, the library of compounds was analyzed via standard 1D 1H
NMR, each of which yielding 14 unique 1H signals with the correct multiplicities and chemical
shifts. This, however, is insufficient evidence of their structural composition for multiple reasons.
First, all of the 1H signals appear in the aromatic region of the NMR spectra, given the complex
splitting patterns of such a heavily conjugated system, this leads to poor resolution as many of
the signals appear on top of one another. Second, without a standard spectrum for comparison,
many of these fluoranthenes will manifest spectra with identical multiplicities. Examples of such
pairs include: db[a,j]f and db[a,l]f, db[b,j]f and db[b,l]f, as well as db[a,k]f and db[b,k]f.
While each individual compound yields unique chemical shifts, without analytical
standards, they are indistinguishable from one another using this method alone. The main piece
of structural information to be gleaned from the 1D 1H NMR is the identity of isolated protons, as
they do not have any neighboring protons to cause peak splitting, and thereby a singlet.
173

Figure 3-1 One-dimensional 1H NMR of db[b,l]f with proton H14 highlighted as the only isolated
proton thereby manifesting as a singlet.
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Figure 3-2 One-dimensional 13C NMR spectrum of db[b,l]f showing 14 tertiary (3°) peaks and 10
quaternary (4°) peaks. Tertiary carbon peaks are manifest as approximately 2-3 times taller than
quaternaries.
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Figure 3-2 shows the 1D 1H NMR spectra of db[b,l]f where the identity of H10 can be identified
by its singlet splitting pattern. Identifying the isolated single proton peak is the starting point for
2D NMR analysis for the majority of the PAHs analyzed.

3.2.1.2 One-Dimensional 13C NMR
As with the previous 1-dimensional technique, 1D

13

C NMR was used but yields little in

the way of spectral data to distinguish one compound from another. In each case, 24 carbon
resonances were found, all of which were determined to be tertiary or quaternary in nature, based
on peak intensity and chemical shift. This method, if taken alone, yields even less structural
information for the compounds analyzed than the 1D 1H. The main piece of information that aids
the 2D analysis below is using peak intensity to determine which carbon signals belong to tertiary
carbons and which belong to quaternary carbons. For proton decoupled

13

C signals, aromatic

carbons that feature protons (tertiary carbons) appear with approximately double the intensity as
those without protons (quaternary carbons). Figure 3-3 shows the 1D 13C of db[b,l]f with carbon
peaks labelled by either 3° or 4° to designate tertiary or quaternary carbons, respectively.

3.2.1.3 Correlation Spectroscopy (COSY) and Total Correlation Spectroscopy (TOCSY)
Correlation Spectroscopy, also known as COSY, is the most commonly employed 2
dimensional NMR technique. It shows 1H-1H through bond coupling, meaning that with the 1D 1H
NMR spectra projected on both axis, COSY will show cross sectional signals that signify that the
two proton signals are housed on carbons that are adjacent to one another. Provided a particular
proton signal can be positively identified, the COSY spectrum can determine the neighboring
protons, provided they are separated by approximately 3-5 chemical bonds. Longer range
coupling

are

observed

but
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can

be

unreliable.

Figure 3-3 COSY spectrum of db[b,l]f showing cross sectional interactions of H1 with H2 and H3.
These interactions are proximity related and do not show interactions with H4 as it is too far away.
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Figure 3-4 TOCSY spectrum of db[b,l]f showing cross sectional interactions of H1 with H2, H3, and
H4. Unlike COSY, TOCSY is not limited by proximity and shows all
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Similar to COSY is Total Correlation Spectroscopy, (TOCSY). TOCSY shows cross
sectional peaks for all protons within a spin system. TOCSY correlates not only neighboring
protons, but also interactions between protons which are connected by a chain of couplings (e.g.
each ring system). Figure 3-4 and 3-5 shows the COSY and TOCSY spectrum for db[b,l]f,
assuming that the identity of proton 1 has been previously identified, we can see that for the
COSY spectra there are 2 cross sectional interactions, corresponding to the protons 2 and 3. If
we look at the cross sectional interactions for proton 1 on the TOCSY spectrum, we can see 4
interactions, each corresponding to the 4 protons that are present in that spin system. The TOCSY
analysis was particularly helpful as it served to group spins into sets of locally coupled 1H signals,
characteristic of fused aromatics.

3.2.1.4 1H – 13C Heteronuclear Single Quantum Coherence Spectroscopy (HSQC)
In order to perform a complete 1H/13C assignment, heteronuclear 1H – 13C two-dimensional
experiments are required. The most straightforward of these is HSQC, which shows cross
sectional interactions signifying that the proton and carbon peaks share a chemical bond. This is
an extremely useful tool for identifying the 14 tertiary carbons each fluoranthene has, so long as
a proton can be positively identified, using the methods outlined previously, the carbon that it is
bonded to can also be positively identified. Figure 3-6 shows the HSQC spectrum for db[b,j]f, it
can be seen that for the 14 proton peaks observed on the x-axis there are 14 cross sectional
peaks corresponding to the relevant carbons upon which they are housed. Given that in the
previous 2 sections we identified that the singlet at 8.66 ppm was proton 14, using HSQC we can
see that the carbon at 123 ppm is carbon 14 as it shows a clear interaction with proton 14. While
this method yields a great deal of information regarding protonated tertiary carbons, it gives no
information regarding the 10 quaternary carbons featured on each fluoranthene. In order to
acquire

this,

a

different

heteronuclear

experiment
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will

need

to

be

employed.

Figure 3-5 HSQC spectrum of db[b,l]f showing the correlation between proton 14 and carbon 14.
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3.2.1.5 1H – 13C Heteronuclear Multiple Bond Correlation (HMBC)
For the purposes of complete and unambiguous 1H/13C identification, 2-dimensional
correlations between protons and quaternary carbons are necessary, requiring the application of
HMBC experiments. In contrast to HSQC, HMBC experiments show interactions between protons
and carbons that are separated by multiple bonds. For aromatic systems, protons show
interactions with carbons that are approximately 2 bonds separated from the ipso carbon. Using
both the cross sectional interactions featured on the HMBC spectrum, along with the previously
outlined methods, all carbons can be positively identified. Figure 3-7 shows the HMBC spectrum
for db[b,l]f, from our original starting point of proton 14, there should be 4 cross sectional
interactions with carbons within the vicinity of proton 14: carbons 6c, 9b, 13, and 14b. Three of
these should be quaternary carbons with one as a tertiary. Figure 3-7 clearly shows these
interactions, though additional confirmation via other HMBC interactions is required for
authoritative identification of each atom.

3.2.2 Complete 1H/13C analysis of db[a,l]
Using the aforementioned NMR experiments, all twelve of the PAHs were unambiguously
identified. Although each of the twelve fluoranthenes featured structural differences that required
a specific sequence of analysis for complete identification, the steps involved share many
similarities. As such, the individual steps for one of the compounds in question is elucidated in
Figure 3-8.
The accompanying spectra for all compounds can be found in the Appendix as well as
tabulated proton and carbon chemical shift values. Once identified, the compounds were then
analyzed via absorption/emission spectroscopy as well as cyclic voltammetry for use as analytical
standards.
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Figure 3-6 HMBC spectrum of db[b,l]f showing the 4 carbon interactions of proton 14.
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Figure 3-7 Step by step 2D analysis of db[a,l]f.
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3.2.3 Absorption, Emission, and Redox Properties
One of the most attractive features of HMW PAHs is the diversity of electronic structures
that arise as result of π-orbitals formed within the planar backbones.17 It is well known that even
within isomers, PAHs can adopt different electronic structures, and therefore they can exhibit
distinct light absorption and emission profiles.18 For example, db[a,l]f, db[a,k]f, db[a,j]f, and
db[b,l]f differ only in the location of one benzo group with respect to the fluoranthene backbone,
and despite this apparently small difference, all compounds display very unique colors. UV-visible
absorption spectroscopy of heptane solutions of all the prepared HMW PAH evidenced the distinct
electronic transitions (Figure 3-9) absorbing in the visible with molar absorptivities in the mM-1 cm1

range, exhibiting red, orange, yellow, and green solutions for db[a,l]f, db[a,k]f, db[a,j]f, and

db[b,l]f, respectively. These color trends are representative of the series as a whole, with the
exception of db[b,k]f and n[1,2-k]f, which manifest as colorless solutions and white powders.
Additionally, all fluoranthenes exhibit much stronger UV absorption bands than in the visible,
which can be appreciated in Figures 3.9 and 3.11. The optical HOMO-LUMO energy of each
compound was estimated from the absorption onset in the low-energy signals in the visible range
with values between 2.61 and 3.20 eV (Table 3-1).
The prepared fluoranthenes feature strong visible fluorescence (Figure 3-10) with
pronounced differences in their emission profiles (Figure 3-11, broken lines), exhibiting all colors
of the visible spectrum, such as violet (db[b,k]f), indigo (n[1,2-k]f), blue (n[2,3-k]f, db[a,k]f),
green (db[b,l]f, n[2,1-j]f, db[b,j]f, n[1,2-j]), yellow (db[j,l]f), orange (db[a,j], n[2,3-j]f) and red
(db[a,l]f). They also exhibit a wide range of emission quantum yields (ΦF) between 0.0008 for
db[a,l]f and 0.73 for db[b,k]f, as well as Stokes shifts (see below) between 63 cm-1 for db[b,k]f
and

6188

cm-1
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for

db[a,l]f.

Figure 3-8 Optical image displaying the emission of the prepared fluoranthenes in CH2Cl2
(λex = 367 nm)

These differences can be appreciated in Figure 3-11 and are commensurate with their unique
electronic structures. We observed no concentration dependence or excimer formation at the
utilized concentrations, which range from very dilute (~10-6 M) to the limits of substrate solubility
in heptane. Güsten and Heinrich19 previously demonstrated that, based on the molecular structure
of fluoranthene and its derivatives, excimer formation is unlikely.
Previously established research regarding benzo-fluoranthenes (MW = 252) indicates that
edge position affects emission wavelength, Stokes shift, and quantum yield (ΦF). It was found
that benzo substitutions at the b and k position increase ΦF with a hypsochromic shift in the
emission (with respect to compound 1), while a and j substitutions decrease ΦF with a
bathochromic

shift.19

Additionally,

benzo[a]fluoranthene,

benzo[b]fluoranthene,

and

benzo[j]fluoranthene featured relatively large wavelength differences between absorption and
emission spectra, as well as emission profiles that lack fine structures, making the determination
of

a

true

S0-0

transition

185

(Stokes

shift)

challenging.

Figure 3-9 Absorption spectra of all twelve naphtho and dibenzo fluoranthenes synthesized. Colors
are related to emission wavelength and were chosen for consistency between figures.
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In such cases it was necessary to define the Stokes shift as the difference between the longest
discrete absorption band and the emission maximum (λmax,F). Only benzo[k]fluoranthene showed
symmetry between absorption and fluorescence spectra, well-defined emission bands, easily
determined Stokes Shift, as well as the largest quantum yield in the series. These trends are
reinforced in with the larger dibenzo and naphtho- fluoranthenes, where compounds featuring k
benzo groups exhibited the shortest emission wavelengths, highest quantum yields, and smaller
Stokes shifts. Furthermore, fluoranthenes that lack k edge substitutions exhibited lower ΦF values
(0.16 to 0.0008), longer λmax,F, relatively featureless emission profiles, and much larger Stokes
Shifts.
The combination of various edge positions serves to effectively tune the fluorescence
properties each compound displays. Following with the previously described trends, within the
four fluoranthenes that feature k edge groups db[b,k]f shows the largest quantum yield (ΦF =
0.73) with violet fluorescence while db[a,k]f has the smallest (ΦF = 0.54) with fluorescence in the
green-blue. Combinations of a, j, and l substitutions, as featured in db[a,j]f, db[a,l]f, db[j,l]f, and
n[2,3-j]f each feature low to very low quantum yields (ΦF < 0.04) and emissions in the yellow to
red range. Other j substituted fluoranthenes such as db[b,j]f, db[b,l]f, n[1,2-j], and n[2,1-j]f
exhibit intermediate ΦF values ranging from 0.10 to 0.16 and emit in the green range.
Further information regarding electronic structure was obtained by probing their redox
behavior using cyclic voltammetry (CV) over a Pt electrode in 0.1 M TBAPF6/CH2Cl2 under Ar
(Figure 3-12). Most of the compounds showed oxidation and reduction events within the
electrochemical window of the electrolyte. In particular, db[a,l]f and db[a,k]f showed both
reversible

oxidation

and

reduction,

evidencing
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their

electrochemical

stability.

Figure 3-10 Long wave absorption spectra (above 340 nm, solid lines) and emission spectra (broken
lines) of all twelve naphtho and dibenzo fluoranthenes synthesized. Absorption range was chosen for
scaling purposes to show the variation in Stokes shift between isomers.

188

Given their varied luminescence properties, these compounds are suitable candidates as
materials or tunable subunits featured in optoelectronic devices. The CV oxidative wave allowed
the determination of the highest occupied molecular orbital (HOMO vs. vacuum) energy in all
PAHs, and the LUMO energy was determined from adding the optical bandgap to the HOMO and
can be found in the Appendix. Moreover, the values of the difference between the oxidation and
reduction half-wave potentials (electrochemical HOMO-LUMO gap) was in close agreement with
the values obtained

3.3

Conclusion

The twelve fluroanthenes featured in Ch. 2 were synthesized to be used as analytical
standards in identifying PAHs in complex environmental mixtures. Due to the isomeric nature of
most PAHs, standard mass spectrometry cannot differentiate structural isomers whose masses
are identical yet may vary drastically in environmental impact. UV-Visible absorption and
fluorescence spectroscopy, in conjugation with advanced analytical techniques can overcome
these challenges, but unambiguous structural characterization was first required. However, due
to the propensity of the synthetic method, established in Ch. 2, towards structural rearrangements,
a combination of 1D and 2D NMR experiments were used to confirm the identity of each
compound.
Once the compounds were identified, their properties were probed via absorption/emission
spectroscopy and cyclic voltammetry, showing vast differences in their electronic structures. Of
particular note, is that the emission wavelengths could be effectively tuned by changing the
substitution patterns of the benzo- and naptho- groups with respect to the fluoranthene backbone,
achieving all colors of the visible spectrum. With their characteristics properly catalogued, these
standards can now be applied towards their identification in environmental standards as well as
their biological toxicity.
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CHAPTER 4:
DESIGN AND SYNTHESIS OF
HEXABENZOCORONENE-CONTAINING METAL-ORGANIC
FRAMEWORKS CONTAINING HIGH MOLECULAR WEIGHT PAHS
The varied physical and electronic characteristics of HMW PAHs has sparked considerable
attention for a because their conjugated π-orbitals and structural rigidity make them among the
most promising compounds for organic-based electronic devices. The ability to attenuate the
electronic configuration by either extending the size of the carbon skeleton or functionalization by
substituents, makes them ideal for targeted functions and properties.1 Outside of small molecular
applications of PAHs have been efforts to incorporate them as subunits within extended
structures.2-4 Hexabenzocoronene (HBC) has been an often-studied moiety in this regard due to
its favorable electronic properties and well-understood synthesis.5-6
The majority of such studies have focused on the formation of supramolecular structures
formed based on the strong π-π interactions attractions between HBC groups.7 HBC columnar
stacks have been shown to function in light-harvesting/emitting devices, and field-effect
transistors among many others.8-13 Ambipolar-functionalized HBC molecular were shown to selfassemble into graphitic nanotubes for applications as organic semi-conductors, molecular wires,
ion sensors and others.14-18 While most of these structures rely on the strong intermolecular
stacking properties of the HBC core, a material that could integrate such a structure into its
extended network while keeping the HBC groups spatially isolated could find use in a number of
applications.
Metal-organic frameworks (MOFs) are three-dimensional, porous coordination polymers
formed between metal-oxide clusters and multi-topic organic ligands.19-20 The large majority of
organic

components

used

with

MOFs
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are

aromatic

phenylene

groups.

Figure 4-1 Post synthetic modification strategy towards incorporation of a hexabenzocoronene group
into a zirconium metal organic framework.
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These can be exchanged for structures with varying lengths or functionalities while retaining an
isoreticular crystalline structure. Incorporation of the HBC moiety into a 3D MOF would form a
porous crystalline extended system where the HBC groups would be unable to stack and
therefore able to interact with molecular guests within the network. Such a system could be used
for various analytical techniques such as solid phase extraction or separation of PAHs due to the
affinity of the analytes with the highly planar surface of the HBC. Additionally, the spatial
availability and spectral qualities of HBC could be used to enhance the well-studied photocatalytic
properties of MOF systems.
Beyond the standard series of linearly bonded phenylene linkers, there have been several
methods of incorporating fused aromatic systems into MOFs, though the majority of synthetic
tailoring has been limited. This is largely due to the requirement of organic linkers to be solubilized
in a crystallization solvent, usually DMF. Due to the highly polar nature of DMF and the highly
nonpolar nature of a PAH embedded framework linker, their implementation has been largely
focused on aromatic structures that are not large or extended in nature.20-24
This chapter pertains to the design and synthesis of two hexa-phenylated organic linkers
for the eventual preparation of an HBC-bearing Zr-MOF. The intent is to side-step the issues of
HBC solubility by crystallizing the linkers as the unplanarized hexa-phenyl benzene and form the
HBC moiety via post-synthetic Scholl reaction. The anti-periplanar configuration of the phenyl
rings prevents strong intermolecular stacking and aggregation, allowing the MOF to crystallize.
Once spatially fixed within the framework, Scholl reagents such as FeCl3 could be introduced as
molecular guests to facilitate the planarization.

4.1

Experimental

All starting materials and solvents, unless otherwise specified, were obtained from
commercial sources (Aldrich, Fisher, VWR) and used without further purification. ] Anhydrous
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tetrahydrofuran (THF), N,N-dimethlyformamide (DMF), CH2Cl2 and toluene were purified using a
custom-built alumina column based solvent purification system (Innovative Technology).
Deuterated solvents (CDCl3, CD2Cl2, CD3CN, and DMSO-d6) were obtained from Cambridge
Isotope Labs.
High-resolution 1H, and

13

C, nuclear magnetic resonance (NMR) spectra were collected

using a Bruker AVANCE-III 400 MHz spectrometer. 1H and 13C chemical shifts are referenced to
TMS as 0 ppm and assigned using the residual solvent signal. 11B chemical shifts are referenced
from BF3·Et2O, as 0 ppm using BF3·Et2O in CDCl3 as an external standard. High resolution mass
spectra (HRMS) were recorded using an Agilent 6230 TOF coupled with an Agilent Zorbax SBC18 analytical column. Column chromatography was performed using a Teledyne Isco
Combiflash Rf+. Absorption spectroscopy was collected using a PerkinElmer Lambda UV/Vis
Spectrometer.
Powder X-ray diffraction measurements were performed using a Rigaku Miniflex 600
diffractometer, with θ–2θ Bragg– Brentano geometry, and a 600 W (40 kV, 15 mA) Cu X-ray tube
source using Kα (λ = 1.5418 Å) radiation, samples were measures from 4 to 40 2θ-degrees with
a step size of 0.02° and a scan rate of 1.5 s per step. Samples were prepared by dropping the
powder sample in a glass sample holder and pressing the powder with a razor blade spatula.
Measurements were also performed using a PANanalytical Empyrean diffractometer with θ–2θ
Bragg–Brentano geometry, and a 1.8 kW (40 kV, 45 mA) Cu X-ray tube source using Kα (λ =
1.5418 Å) radiation, samples were measured from 3 to 40 2θ-degrees with a step size of 0.01671°
with spinning sample stage utilizing X'Celerator multi-element detector. Samples were prepared
by dropping the powder sample in a zero-background graphite plate and pressing the powder with
a razor blade spatula.
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4.2

Results and Discussion

The initial research goals for this project were as follows: synthesize the
hexyphenylbenzene dicarboxylic acid seen in Figure 4-1, use the linker to crystallize the zirconium
framework, and attempt to planarize the HPB group via a post synthetic Scholl
cyclodehydrogenation. This proved to be more difficult than was initially thought and required
many troubleshooting attempts including several synthetic redesigns of the targeted linker.

4.2.1 Synthesis of Linear HPB Link A
As was outlined in Chapter 1 section 1.5, there are many paths towards the synthesis of
HPB derivatives. The most common method for HPB synthesis is the cobalt catalyzed
cyclotrimerization of substituted tolanes as was developed by Müllen et al. This is very effective
as it requires only one synthetic step; however, this can only be used to produce HPB compounds
that are symmetric along each of the substituted aromatic rings attached to the central benzene.
In order to achieve the structure seen in Figure 4-1 a more piecewise synthetic method is required.
Figures 1-2 and 1-3 shows the synthetic pathway towards the isolation of HPB-link A.
First, a DCC/DMAP homocoupling of 4-bromo phenyl acetic acid to form the 4,4-dibromo dibenzyl
ketone (compound 1). This proceeded well enough, but the yield was relatively low at 33%. It
was found that the order of additions was very important towards the acquisition of high yields,
so a number of troubleshooting attempts were made to achieve this. The optimized procedure
was to first disperse the 4-bromophenylacetic acid as well as the 4-DMAP in anhydrous DCM,
separately the DCC was dissolved in CH2Cl2 and added to the previous reaction mixture dropwise
at 0 °C. This boosted the yields from the low 30s to 65%.
Next, compound 1 was reacted with benzil and catalytic potassium hydroxide in ethanol
to perform a double aldol condensation. The reaction is very fast and relatively easy to perform,
it is done within 30 minutes and the workup entails cooling the reaction mixture and filtering.
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Figure 4-2 Synthesis of dibromo hexaphenylbenzene (compound 4)
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The product, 4,4’ dibromo cyclopentatetrephenyldieneone (compound 2) manifests as a sparkly
dark purple powder with approximate yields of around 75%. This was followed by Diels-Alder
[4+2] cycloaddtion of compound 2 and diphenylacetylene (hereafter referred to as tolane). This
reaction is actually two steps in one, as can be observed in Figure 4-2, the [4+2] cycloaddition
forms the tricylic compound 3 which is decarbonylated due to the thermodynamic favorability of
the aromatic HPB. This reaction too proceeded with an 89% yield, requiring minimal workup other
than quenching the reaction with methanol, causing the white colorless crystals to crash out of
solution, the solid was then filtered and rinsed with methanol.
After the isolation of compound 4 the next reaction was a Suzuki coupling of the methyl
benzoate boronic acid (Figure 1-3). This proved to be more difficult as the solubility of compound
4, as well as the methyl ester product compound 6 was extremely low. This caused the reaction
to proceed slowly, additionally the low solubility of compound 6 made purification via column
chromatography extremely challenging as it could not be effectively loaded onto silica, and even
then, the product would proceed to crash out solution within the column, causing much of the
yield to be lost during purification. The low solubility also had implications for the following
hydrolysis step as it would often not proceed to completion. This is especially problematic as
carboxylic acids are notoriously difficult to purify, so if the reaction only proceeds partially there is
no effective method to isolate it from the starting material.
Multiple methods were attempted to optimize this process, but eventually the synthesis
was redesigned to incorporate long chain hexyl esters of compound 5 to aid in the solubility for
the intermediate. This increased isolated yields from 25% to 79% post purification.
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Figure 4-3 Suzuki coupling optimization and hydrolysis towards the formation of HPB-link A.

200

Improvements were also observed relative to the hydrolysis reaction as the additional solubility
enabled the substrate to remain in solution, improving this next step to 85%. Now that the
synthetic method was optimized the process of crystallizing the linker could be attempted.

4.2.2 Crystallization Attempts of HPB Link A
The crystallization of zirconium metal organic frameworks can be challenging, especially
when working with a newly synthesized compound. The reaction conditions often need to be
“tuned” in order to achieve the desired assembly, this is done by adding incremental amounts of
an “acid modulator”. Often times each MOF linker has a specific variety and quantity of acid that
is required to achieve crystalline materials as was the case with HPB A.
We began with reaction conditions that were very similar to the smaller Zr-series(UiO-6668) using 10, 20, and 30 equivalents of formic, trifluoroacetic, acetic, and benzoic acids. This
began a long series of failed crystallization attempts that included varying concentration,
temperature, time, Zr-linker ratio, Zr-modulator ratio, linker-modulator ratio. The formic,
trifluoroacetic and acetic trials consistently yielded amorphous solids with very little crystallinity
and were thus discontinued after some time. The benzoic trials showed some glimmer of promise
as the low angle diffraction indicative of MOF assemblies was consistently present (Figure 4-3),
if far too wide to be considered even moderately crystalline.

By lowering the concentration (0.015 M to 0.0075 M) and increasing the time (1
day to 5 days) additional peaks started to show as can be seen in Figure 4-5.
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Figure 4-4 Crystallization of HPB-MOF A from HPB-link A
Table 4-1 Crystallization Conditions for Powder Patterns seen in Figure 4-5.

Trial

Concentration

Modulator

Time

Solvent

a

0.015 M

30 eq BzOH

1 day

DMF

b

0.0075 M

30 eq BzOH

1 day

DMF

c

0.0075 M

30 eq BzOH

3 days

DMF

d

0.0075 M

30 eq BzOH

5 days

DMF

e

0.0075 M

20 eq BzOH

5 days

DEF

f

0.0075 M

25 eq BzOH

5 days

DEF

g

0.0075 M

30 eq BzOH

5 days

DEF

h

0.0075 M

35 eq BzOH

5 days

DEF

i

0.0075 M

40 eq BzOH

5 days

DEF
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Figure 4-5 PXRD patterns of HPB-MOF A from crystallization conditions found in Table 4-1.
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At this point, it was hypothesized that the difficulties encountered thus far were due to the
insoluble nature of the HPB core, especially in the highly polar DMF crystallization solvent. We
then sought to utilize N,N’ diethylformamide (DEF) instead hoping that the slightly larger aliphatic
ethyl chains would help solubilize the linker better.
The powder x-ray diffraction of the DEF-benzoic acid series can be seen in Figure 4-5. As
the amount of benzoic acid increases, the peaks become more defined. Despite the significant
improvement from the starting point, the crystallinity observed for the HPB-link can be considered
moderate at best. Isotherm analysis shows a BET surface area of only 250 m 3/g, a far cry from
other zirconium-based frameworks. Additionally, the crystallization could not be reliably
reproduced, alternatively producing low to moderate diffraction. From here, a series of alternative
HPB linkers were attempted, in hopes of increasing the solubility of the HPB core.

4.2.3 Hexaphenyl PETEP Linker (HPB B)
The design of HPB B was intended to hopefully expand the series of zirconium
frameworks, as it would be the largest ditopic zirconium MOF linker. The alkynyl groups would
endow increased solubility on the overall structure as well as flexibility along the linker backbone.
The increased pore size would potentially enable easier access to the HPB core for Scholl
cyclodehydrogenation reagents to enter the MOF and hopefully exit after the reaction was
completed.
The synthetic strategy towards actualization of HPB B initially included the pairing of
dibromo HPB compound 4 with the alkynyl hexyl ester compound 9 to form the hexaphenyl
PETEP (P=phenylene, E=ethynyl, T=terphenyl) linker structure observed in Figure 1-6. This was
unsuccessful and after numerous attempts altering the catalyst variety, base variety, temperature,
time and concentration it was hypothesized that this particular substrate was unreactive towards
Sonogashira

conditions.
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Figure 4-6 Unsuccessful Sonogashira of brominated HPB core.
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Figure 4-7 Successful synthesis of HPB-link B
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Figure 4-8 Attempted synthesis of HPB-MOF B from HPB-link B (top). PXRD pattern of HPB-MOF B
crystallization attempts (bottom)
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Alternatively, aryl iodides have a very high affinity for cross coupling conditions and so, yet another
synthesis was envisioned. This included the bromo-iodo exchange of the brominated diphenyl
acetone (1) with CuI, NaI, and a ditopic amine ligand to form the 4,4’-diiododiphenylacetone
(compound 7). From here the same steps that were seen for the synthesis of compound 4 were
repeated, aldol condensation with benzil to form compound 8 and Diels-Alder with
diphenylacetylene to form the iodinated HPB core, compound 9. This proceeded well with the
Sonogashira conditions and the hexyl ester HPB-hex B was formed with an 89% yield. Hydrolysis
yielded the PETEP linker HPB B.
This initially appeared to be promising, as the linker was apparently much more soluble in
DMF, which was the goal. The crystallization attempts looked promising as well, as there were
thick layers of what appeared to be crystals formed along the inside walls of the reaction vessel,
usually a good sign. Despite this, the diffractograms of the PETEP crystallizations a broad and
undefined assortment of peaks. It was hypothesized that the increased size of the MOF linker
combined with the poor structural integrity of the alkynyl bonds caused pore collapse. Because of
the low yield of the iodo-bromo exchange to form compound 9 it was decided that this route was
not worth pursuing further.

4.2.4 Tetramethoxy HPB-link C and Spiro Fluorene HPB-link D
A common strategy towards increasing solubility of non-polar aromatic MOF linkers is by
substitution with alkoxy groups. It was surmised that this could be applied to the hexaphenyl linker
and resulting in the synthetic scheme seen in Figures 4-9 and 4-10. This new strategy involves
the formation of 4,4’ dimethoxy diphenyl acetylene (compound 10) from a one-pot double
Sonogashira recipe of 4-iodoanisole and trimethyl silyl acetylene (TMSA). When performed in
acetonitrile it has the added benefit of easy purification as you need only add water, filter off
product,

and

wash

with
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cold

methanol.

Figure 4-9 Synthesis of tetramethoxy HPB-link C.
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Figure 4-10 Unintentional synthesis of the unusually shaped HPB-link D
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Next, a portion of compound 7 is oxidized into 4,4’ dimethoxy benzil (11) and reacted with
unsubstituted dibenzyl ketone via aldol condensation to form the tetraphenylcylclopentadienone
(compound 12). This was subjected to [4+2] cycloaddition conditions with the remaining portion
of compound 10 to form the tetramethoxyhexaphenylbenzene, compound 9. This progressed well
until the Suzuki step to form HPB-hex C. The hexyl ester was found to have a high affinity for the
silica, and its removal from the column during purification was rather difficult, resulting in an
isolated yield of only 25%.
Before the hydrolysis step was performed it was proposed that perhaps this substrate
would be a good candidate to attempt a pre-MOF assembly Scholl cyclodehydrogenation. This
was never attempted with the unsubstituted HPB-hex A because it was believed that the product
would be far too insoluble to incorporate into a framework successfully. This was likely to be true
of the tetramethoxylated variety HPB-hex C, but an attempt was made regardless as an
exploratory measure (Figure 4-10). After subjecting HPB C to FeCl3 in DCM thin-layer
chromatography indicated that a reaction had taken place, and the substrate was no longer HPBhex C. However, the product that was formed featured no visible fluorescence and upon isolation
the compound was a white-beige color, uncharacteristic of the bright yellows and oranges that
are common among the highly conjugated hexbenzocoronenes. After NMR analysis coupled with
a literature search, it was found that alkoxylated hexaphenylbenzenes do not proceed to
hexabenzocoronenes, but instead form a very unusual spiro hexeneone fluorene compound HPBhex C.25 This result was very unexpected, and it additionally meant that the post-synthetic method
of Scholl cyclodehydrogenation with HPB-link C would not work as intended. However, it was
hydrolyzed regardless, and an attempt was made to incorporate both linkers into a framework.
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Figure 4-11 Synthesis of tetrabromo hexaphenyl benzene 17.
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Figure 4-12 Quaduple Suzuki coupling and subsequent hydrolysis to form the tetratopic HPB-link E.
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This unfortunately, was hampered by the low yields that were encountered during the synthesis
and the amount of linker that was isolated could only enable a small number of crystallization
attempts, which were unsuccessful. This route was discontinued in favor of another compound
that seemed more promising.

4.2.5 Synthetic Redesign Tetratopic Cruciform-Shaped HPB-link E
The challenges associated with successfully crystallizing HPB A were associated with its
low solubility in the highly polar DMF and DEF. However, by increasing the number of polar
carboxylic coordination sites, the linker would more readily enter solution in polar solvent
environments. Figure 4-6 shows the redesigned linker HPB-E which was modeled after the many
successful tetratopic zirconium frameworks such as NU-1000, PCN-94, MOF-535. Because our
targeted compound has a different symmetry, the synthetic method would have to be altered.
This new strategy involves the formation of 4,4’ dibromo diphenyl acetylene (compound
7) starting from 4-bromoiodobenzene (Figures 4-11 and 4-12). Subsequent oxidation, aldol
condensation, [4+2] cycloaddition forms the tetrabromo hexaphenylbenzene (compound 17).
From there, a quadruple Suzuki coupling with compound 5 and subsequent hydrolysis to form
HPB-link E.

4.2.6 Crystallization of Tetratopic HPB D and Preliminary Post-Synthetic Scholl
Tetratopic zirconium linkers crystallize in one of two crystal structures: cubic 26-27 or
hexagonal22, 27-28. Some varieties can crystallize in both orientations depending on the zirconium
to linker ratio and variety of acid modulator. Using conditions optimized for the formation of the
cubic tetratopic PCN-9426 of low angle diffraction was achieved on the first attempt (Figure 1-13,
pristine). There are enough sharp peaks to determine that a MOF has indeed formed, but not
much more than that. Attempts to match this diffraction pattern to the theoretical patterns for both
hexagonal

and

cubic

MOFs

derived

from
214

HPB-link

E

were

unsuccessful.

Figure 4-13 PXRD of unidentified HPB-MOF E1 before and after Scholl oxidation conditions.

Figure 4-14 Normalized solid state fluorescence of pre- and post- Scholl oxidation.

215

Despite this, attempts were made using the unidentified MOF in post-synthetic Scholl oxidations.
MOF powder was dispersed in CH2Cl2 under air-free conditions at 0 °C and exposed to FeCl3 for
1 hour and 24 hours, agitated by the bubbling of N2 gas. The formerly white powder had turned a
dark brown that persisted through repeated washes and even Sohxlet extraction with methanol.
First, the samples were dried and analyzed via PXRD and can be seen in Figure 4-13. It was
feared that given that the byproduct of Scholl cyclizations is hydrochloric acid, that the crystallinity
of the MOF would be compromised. This was not the case as the crystal structure from the pristine
MOF and both Scholl reactions showed no change in their structure.
The samples were then irradiated under UV light so as to observe fluorescence response.
The pristine MOF showed the bright violet emission typical of phenylated MOFs in this series,
while the 1 hr Scholl sample showed what appeared to be a slightly red shifted and broader
response but with significantly decreased quantum yield. The 24 hr Scholl MOF showed no
fluorescence at all, both the decrease in emission for the 2 h sample and the elimination of
emission in the 24 h sample were attributed to fluorescence quenching due to the presence of
iron in the sample. However, due to the fact that the 2 h sample still did fluoresce, the solid state
emission profiles were taken for both the pristine and 2 h sample (Figure 4-14). The broader
emission of the 1 h sample could indicate that the reaction had taken place in some capacity.
However, given that the identity of this framework was thus far unknown, attempts were made to
find another recipe with which a more favorable and identifiable MOF orientation could be
actualized.
In order to achieve a sample with higher crystallinity and more peaks for which a structural
identification could be determined, we attempted the remaining experimental conditions from
analogous tetratopic Zr-systems. The best sample came from applying the recipe for the
hexagonal

MOF

from

Tetra-link
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C

(MOF-545).

Figure 4-15 Experimental powder pattern from HPB-MOF E-2. Theoretical powder pattern for a cubic
HPB MOF.
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Figure 4-16 Reaction scheme for the post-synthetitc Scholl cyclodehydrogenation to form PCN-136.29

This result was particularly interesting because the experimental pattern matches the theoretical
powder pattern for the cubic MOF, rather than the hexagonal. None of the other conditions yielded
crystalline materials.
At this point the small amount of linker synthesized had been used up, while more was
being

synthesized

a

post-synthetic

Scholl

cyclodehydrogenation

of

a

hexatopic

hexaphenylbenzene zirconium framework was published in JACS.29 This, coupled with the
difficulty of synthesizing HPB-link E as well as academic time constraints, it was decided that the
project would be revisited by someone else in the future.
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4.3

Conclusion

In summary, the synthesis of 5 hexaphenylated MOF linkers were designed and isolated.
The original ditopic HPB-link A suffered from solubility and reproducibility issues but could
potentially be assembled into a Zr-framework by careful choice of substituents and crystallization
conditions. The PETEP linker HPB-link B is most likely too large to form a stable framework, but
a more rigorous study of its crystallization conditions would most likely need to be performed to
say for certain. The methoxylated HPB-link C failed to crystallize, but the attempts were limited
given the inefficiency of its synthesis. Should a more efficient method be devised, it is believed
that this linker would form a stable framework given sufficient substrate to refine the crystallization
conditions. Despite this, it was determined that alkoxylated hexaphenylbenzenes do not proceed
to hexabenzocoronenes when subjected to Scholl reaction conditions. The tetratopic HPB-link E
was found to crystallize in what appears to be a cubic configuration and was stable to Scholl
reaction conditions, but a more thorough investigation regarding linker conversion and removal of
iron byproducts is needed in the future.
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CHAPTER 5:
SYNTHESIS OF REDOX ACTIVE FERROCENYL
LINKERS FOR TUNEABLE REDOX ACTIVITY IN ZIRCONIUM METAL
ORGANIC FRAMEWORK (MOF) THIN FILMS
The advent of electrically active polymers marked a breakthrough for the field of organic
electronics.1 Materials such as polypyrrole, polythiophene, polyacetylene, etc. offered a path that
lessened society’s reliance on the bulk properties of heavy element conductors and
semiconductors.2 All-metal systems are costly to mine, extract, manufacture, and process. They
are limited in natural abundance and are often environmentally toxic when disposed. 3 Organicbased electronics (OBE) are comprised of highly abundance elements whose properties can be
manipulated synthetically for property or processability optimization.4 Since then, copious
research has been performed regarding OBE applications for photovoltaics5, field-effect
transistors,6 light-emitting diodes,7 biosensors8 and more.
Charge transport in organic systems proceeds by one of two ways: through-bond and
through-space. Through bond transport relies on the electron mobility via the delocalized πbackbone of a conjugated polymer such as polythiophene or carbon allotropes such as graphene.
Although this method is more efficient than the alternative, it features drawbacks. It is unidirectional, requiring the π-system to be oriented along the conductive path with minimal
disruption in its flat conjugation.9 Additionally, polymers with π-conjugation along their backbones
suffer from solubility issues, requiring the incorporation of aliphatic substituents to aid
processability.10 Through space charge mobility relies on electron-hopping between redox active
sites and does not require π-conjugation between species, but it is greatly aided by well-ordered
and closely-packed materials.11 It is more reliable and can be more easily influenced by materials
processing. Indeed, even with π-conjugated backbone polymers, through space transport
features heavily in their functionality as often electrons hop from chain to chain.12 Through space
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e- transport can be seen in fullerenes13, hexa-peri-benzocoronene discotic liquids14,
photosensitizing molecules for bulk-heterojunction photovoltaics15 and redox-pendant bearing
polymers.16
Metal-organic frameworks (MOFs) are largely considered to be electrical insulators due
the poor orbital overlap between the metal-oxide clusters and the organic links. However, by
utilizing their inherent porosity and structural tailoring possibilities, MOF structures could be made
to act as a host material for through space charge transport.17 Talin et al. synthesized the Cubased MOF HKUST-1 and impregnated it with a solution of the redox active molecule
tetracyanoquinodimethane (TCNQ). Incorporation of TCNQ guests increased the HKUST-1
conductivity from 10-6 S/m to 7 S/m.18 Other efforts towards an electroactive MOF has been to
design organic linkers that will participate in through space redox chemistry with one another. The
Zr-based tetratopic NU-1000 MOF features a redox response when grown on FTO glass
electrodes and subjected to cyclic voltammetry. This is due to electron hopping between the
pyrene cores of the framework.19 This same system was post-synthetically modified with a
ferrocene carboxylic acid derivative which showed evidence of electron hopping between
ferrocene sites.20-21 An interpenetrated Zr-based dihydroxy NDI linker showed electron mobility
between the di-topic links.22 The Zn-based anthracene PEPEP (P = phenylene, E = ethynyl) MOF
exhibited intermolecular charge transport between diagonally stacked anthracene cores.23
In each of the previous instances, there are limitations that interfere with their
effectiveness. In the case of the TCNQ impregnated HKUST-1 the Cu-based MOF is fragile and
sensitive to moisture, additionally it requires the presence of guest molecules that are not
covalently bound to the MOF structure and could potentially leech out. The Zn-based anthracene
PEPEP is similarly fragile and would likely not retain reversibility when subjected to multiple redox
cycles. The Zr-based NU-1000 and UiO-based NDI systems have the advantage of the chemical
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and thermal stability afforded by Zr-based systems but are hampered by the distance between
redox sites due to the orientation under which the MOF crystallizes. Additional studies, that
focused on the ferrocene-carboxylate incorporated NU-1000 , stated that the electron transport
mechanism was hampered by the close proximity of the ferrocene to the highly polar zirconium
node, and that a similar system would benefit from a ferrocene-pendant with greater degrees of
freedom.21
In this work, we describe the design and synthesis of aromatic-pendant bearing MOF
linkers for assembly into highly stable zirconium frameworks. By creating organic links that feature
redox groups tethered by sp3 aliphatic ethers, through space charge transport could be actualized
while retaining high structural integrity. Much effort went into the actualization of this system and
the various methods of synthetic troubleshooting will be addressed. Of the three initial pendant
groups attempted, only the ferrocene-bearing linkers were synthesized efficiently enough for MOF
incorporation, though it is believed that similar methods could be applied to other redox active
pendant species.
This dialkoxy PEPEP-based MOF was solvothermally crystallized on to fluorine doped tinoxide (FTO) glass slides and features a prominent redox response corresponding to the ferrocene
oxidative wave. One of the main advantages of this system is that it allows for multi-variate MOFs
to be grown. A redox inactive linker was mixed with the redox active ferrocene linker and were
able to be crystallized together isoreticularly. By incrementally varying the mole % of ferrocene
incorporation, the Fc oxidative peak current could be effectively tuned, showing an exponential
correlation with Fc content.

5.1

Experimental

All starting materials and solvents, unless otherwise specified, were obtained from
commercial sources (Aldrich, Fisher, VWR) and used without further purification.] Anhydrous
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tetrahydrofuran (THF), N,N-dimethlyformamide (DMF), CH2Cl2 and toluene were purified using a
custom-built alumina column based solvent purification system (Innovative Technology).
Compound 3624, 37, 38, and 3925 Deuterated solvents (CDCl3, CD2Cl2, CD3CN, and DMSO-d6)
were obtained from Cambridge Isotope Labs.
High-resolution 1H, and

13

C, nuclear magnetic resonance (NMR) spectra were collected

using a Bruker AVANCE-III 400 MHz spectrometer. 1H and 13C chemical shifts are referenced to
TMS as 0 ppm and assigned using the residual solvent signal. 11B chemical shifts are referenced
from BF3·Et2O, as 0 ppm using BF3·Et2O in CDCl3 as an external standard. High resolution mass
spectra (HRMS) were recorded using an Agilent 6230 TOF coupled with an Agilent Zorbax SBC18 analytical column. Column chromatography was performed using a Teledyne Isco
Combiflash Rf+. Absorption spectroscopy was collected using a PerkinElmer Lambda UV/Vis
Spectrometer.
Powder X-ray diffraction measurements were performed using a Rigaku Miniflex 600
diffractometer, with θ–2θ Bragg– Brentano geometry, and a 600 W (40 kV, 15 mA) Cu X-ray tube
source using Kα (λ = 1.5418 Å) radiation, samples were measures from 4 to 40 2θ-degrees with
a step size of 0.02° and a scan rate of 1.5 s per step. Samples were prepared by dropping the
powder sample in a glass sample holder and pressing the powder with a razor blade spatula.
Measurements were also performed using a PANanalytical Empyrean diffractometer with θ–2θ
Bragg–Brentano geometry, and a 1.8 kW (40 kV, 45 mA) Cu X-ray tube source using Kα (λ =
1.5418 Å) radiation, samples were measured from 3 to 40 2θ-degrees with a step size of 0.01671°
with spinning sample stage utilizing X'Celerator multi-element detector. Samples were prepared
by dropping the powder sample in a zero-background graphite plate and pressing the powder with
a razor blade spatula.
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5.1.1 Synthetic Procedures

Figure 5-1 Synthesis of compound 12.

4-iodo hexyl benzoate (compound 12): 4-iodo benzoic acid (10 g, 40.3 mmol) and K2CO3 (16.7
g, 120 mmol) were loaded into an oven-dried 250mL Schlenk flask equipped with a magnetic
stirbar. The flask was evacuated to an internal pressure of 100 mtorr and backfilled with N2 three
times. Anhydrous DMF (80 mL) was added via syringe under N2 and stirred for 20 min at room
temperature. 1-bromohexane (18.2 mL, 120 mmol) was added via syringe under N2 and the
reaction was heated to 60 °C for 1 h, monitored by TLC until the starting material was no longer
observed. The reaction was cooled to room temperature, water (50 mL) was added and the
reaction was stirred for an additional 30 min. The crude mixture separates as a colorless oil that
was isolated using a separatory funnel. The organic phase was then rinsed with water (2 × 50
mL), brine (50 mL), dried over Na2SO4 and filtered. The solvent was removed under reduced
pressure at 50 °C in a rotary evaporator and the residue was purified via column chromatography
(10% EtOAc:Hexanes) yielding compound 12 as a colorless oil. Yield: 11.9 g, 89%. 1H NMR (400
MHz, CDCl3, 25 °C) δ 7.83 – 7.78 (m, 2H), 7.78 – 7.73 (m, 2H), 4.31 (t, J = 6.7 Hz, 2H), 1.76 (dq,
J = 8.0, 6.7 Hz, 2H), 1.47 – 1.31 (m, 6H), 0.91 (td, J = 5.8, 4.6, 2.8 Hz, 3H).13C NMR (100 MHz,
CDCl3, 25 °C) δ 166.49, 138.02, 131.34, 130.39, 100.81, 65.74, 31.78, 28.98, 26.01, 22.87, 14.31.
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Figure 5-2 Synthesis of compound 40.

4-(2-trimethylsilyl ethynyl) hexyl benzoate (compound 40): Compound 12 (4.0 g, 12.0 mmol),
copper(I) iodide (0.14 g, 0.72 mmol), and Pd(PPh3)2Cl2 (0.25 g, 0.36 mmol) were added to a 250
mL Schlenk flask equipped with a magnetic stirbar and a reflux condenser. The flask was
evacuated to an internal pressure of 100 mtorr and backfilled with N2 three times. THF (40 mL)
and triethylamine (40 mL) were bubbled for ca. 30 minutes before being added via syringe,
followed by trimethylsilyl acetylene (2.6 mL, 18.1 mmol). The reaction mixture was then heated to
70 °C for 8 hours, monitored by TLC until the starting material was no longer observed. The
reaction vessel was cooled to room temperature, water (100 mL) was added, and the resulting
solution was extracted with CH2Cl2 (3 x 50 mL). The combined organic phase was washed with
0.5 M HCl (2 x 50 mL), water (50 mL), brine (50 mL), dried over Na2SO4, and filtered. The solvent
was removed under reduced pressure in a rotary evaporator at 45 °C and the resulting crude was
purified via column chromatography (5% EtOAc: Hexanes) yielding compound 40 as a brown oil.
Yield: 3.35 g, 92%. 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.04 – 7.92 (m, 2H), 7.58 – 7.48 (m, 2H),
4.31 (t, J = 6.7 Hz, 2H), 1.77 (dt, J = 14.4, 6.8 Hz, 2H), 1.48 – 1.27 (m, 6H), 0.97 – 0.84 (m, 3H),
0.27 (s, 9H). 13C NMR (100 MHz, CDCl3, 25 °C) δ 166.44, 132.18, 130.43, 129.66, 127.97, 104.47,
97.91, 65.70, 31.81, 29.00, 26.04, 22.89, 14.36, 0.20.

229

Figure 5-3 Synthesis of compound 41.

4-ethynyl hexyl benzoate (Compound 41): Compound 40 (1.8 g, 6.0 mmol) was added to a 150
mL round-bottom flask equipped with a magnetic stirbar. Methanol (30 mL) was added and the
solution was stirred at room temperature for 20 minutes. Cesium fluoride (2.3 g, 7.3 mmol) was
added at room temperature and the flask was stirred for an additional 2 h, monitored by TLC until
the starting material was no longer observed. Saturated NH4Cl (20 mL) was added and the
resulting solution was extracted with CH2Cl2 (3 x 20 mL). The combined organic phase was rinsed
with water (2 x 30 mL), brine (30 mL), dried over Na2SO4, and filtered. The solvent was removed
under reduced pressure in a rotary evaporator at 45 °C and crude was purified via column
chromatography (10% EtOAc: Hexanes) yielding compound 41 as a yellow solid. Yield: 1.15 g,
83%. 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.00 (d, J = 8.0 Hz, 1H), 7.55 (d, J = 8.0 Hz, 1H), 4.32
(td, J = 6.7, 0.7 Hz, 1H), 1.85 – 1.68 (m, 1H), 1.52 – 1.22 (m, 3H), 0.97 – 0.84 (m, 2H). 13C NMR
(100 MHz, CDCl3, 25 °C) δ 166.32, 132.38, 130.91, 129.75, 126.95, 100.30, 83.20, 80.25, 65.73,
31.80, 29.00, 26.03, 22.88, 14.33.
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Figure 5-4 Synthesis of compound 42.

2,5-diiodo-4-methoxy-(3-propoxyferrocenyl) benzene (Compound 42): Compound 37 (1.12 g,
3.0 mmol), compound 36 (1.0 g, 3.3 mmol), and K2CO3 (1.3 g, 9.0 mmol) were loaded into a 50
mL Schlenk flask equipped with a magnetic stirbar and reflux condenser. The flask was evacuated
to an internal pressure of 100 mtorr and backfilled with N2 gas three times. DMF (6 mL) was added
via syringe and the flask was heated to 60 °C for 8 h, monitored by TLC until the starting material
was no longer observed. The reaction vessel was cooled to room temperature and subsequently
quenched with water (20 mL) causing the product to crash out of solution. The mixture was cooled
in an ice-water bath for 20 min before being filtered. The solid was filtered and air-dried yielding
compound 42 as a yellow solid. Yield: 1.5 g, 82%. 1H NMR (400 MHz, CDCl3, 25 °C) δ 7.22 (s,
1H), 7.18 (s, 1H), 4.14 (s, 5H), 4.11 (t, J = 1.8 Hz, 2H), 4.07 (t, J = 1.8 Hz, 2H), 3.96 (t, J = 6.1
Hz, 2H), 3.88 – 3.82 (m, 3H), 2.66 – 2.54 (m, 2H), 2.02 (ddt, J = 9.4, 7.2, 6.0 Hz, 2H).

13

C NMR

(100 MHz, CDCl3, 25 °C) δ 153.65, 153.12, 123.21, 121.84, 88.37, 86.65, 85.83, 69.77, 68.94,
68.55, 67.64, 57.54, 30.68, 26.28.
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Figure 5-5 Synthesis of Compound 43.

2,5-diiodo-1,4-bis-(3-propoxyferrocenyl) benzene (Compound 43): Compound 38 (0.80 g, 2.2
mmol), compound 36 (1.5 g, 4.9 mmol), and K2CO3 (1.8 g, 13.2 mmol) were loaded into a 50 mL
Schlenk flask equipped with a magnetic stirbar and reflux condenser. The flask was evacuated to
an internal pressure of 100 mtorr and backfilled with N2 gas three times. DMF (5 mL) was added
via syringe and the flask was heated to 60 °C for 8 h, monitored by TLC until the starting material
was no longer observed. The reaction vessel was cooled to room temperature and subsequently
quenched with water (20 mL) causing the product to crash out of solution. The mixture was cooled
in an ice-water bath for 20 min before being filtered. The solid was filtered and air-dried yielding
compound 42 as a dark yellow solid. Yield: 1.3 g, 71%. 1H NMR (400 MHz, CDCl3, 25 °C) δ 7.19
(s, 2H), 4.14 (d, J = 24.1 Hz, 18H), 3.97 (t, J = 5.9 Hz, 4H), 2.58 (t, J = 7.6 Hz, 4H), 2.02 (d, J =
7.5 Hz, 4H).

C NMR (100 MHz, CDCl3, 25 °C) δ 153.12, 123.15, 88.37, 86.65, 69.80, 68.90,
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68.52, 67.60, 30.70, 26.28.
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Figure 5-6 Synthesis of Fc1-hex.

Fc1 PEPEP hexyl ester (Fc1-hex): Compound 44 (1.68 g, 2.80 mmol), compound 41 (1.42 g,
6.20 mmol), Pd(PPh3)4 (98 mg, 0.084 mmol), and copper (I) iodide (32 mg, 0.168 mmol) were
loaded into a 250 mL Schlenk flask equipped with a magnetic stirbar and a reflux condenser. The
flask was evacuated to an internal pressure of 100 mtorr and backfilled with N2 three times. THF
(20 mL) and triethylamine (20 mL) were bubbled for ca. 30 minutes before being added via
syringe. The flask was heated to 60 °C for 8 hours, monitored by TLC until the starting material
was no longer observed. The reaction vessel was cooled to room temperature, water (40 mL) was
added, and the resulting solution was extracted with CH2Cl2 (3 x 50 mL). The combined organic
phase was washed with 0.5 M HCl (2 x 50 mL), water (50 mL), brine (50 mL), dried over Na2SO4,
and filtered. The solvent was removed under reduced pressure in a rotary evaporator at 45 °C
and the resulting crude was purified via column chromatography (60% DCM: Hexanes) yielding
Fc1-hex as a yellow solid. Yield: 1.67 g, 76%. 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.04 (ddd, J =
10.0, 8.1, 0.6 Hz, 4H), 7.63 (ddd, J = 9.8, 8.1, 0.6 Hz, 4H), 7.06 (s, 1H), 7.05 (s, 1H), 4.33 (t, J =
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6.7 Hz, 4H), 4.12 – 4.03 (m, 11H), 3.93 (s, 3H), 2.64 (dd, J = 8.5, 6.6 Hz, 2H), 2.12 – 2.01 (m,
2H), 1.83 – 1.73 (m, 4H), 1.49 – 1.31 (m, 12H), 0.96 – 0.87 (m, 6H). 13C NMR (100 MHz, CDCl3,
25 °C) δ 166.47, 166.43, 154.42, 154.01, 131.90, 131.79, 130.38, 130.35, 129.90, 129.79, 128.21,
128.06, 117.68, 115.64, 114.30, 113.73, 94.87, 89.13, 88.81, 88.37, 69.04, 68.88, 68.58, 67.68,
65.72, 56.83, 31.82, 31.00, 29.03, 26.26, 26.06, 22.91, 14.37.

Figure 5-7 Synthesis of Fc2-hex.

Fc2 PEPEP hexyl ester (Fc2-hex): Compound 43 (1.20 g, 1.40 mmol), compound 41 (0.71 g,
3.10 mmol), Pd(PPh3)4 (49 mg, 0.042 mmol), and copper (I) iodide (16 mg, 0.084 mmol) were
loaded into a 250 mL Schlenk flask equipped with a magnetic stirbar and a reflux condenser. The
flask was evacuated to an internal pressure of 100 mtorr and backfilled with N2 three times. THF
(10 mL) and triethylamine (10 mL) were bubbled for ca. 30 minutes before being added via
syringe. The flask was heated to 60 °C for 8 hours, monitored by TLC until the starting material
was no longer observed. The reaction vessel was cooled to room temperature, water (20 mL) was
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added, and the resulting solution was extracted with CH2Cl2 (3 x 25 mL). The combined organic
phase was washed with 0.5 M HCl (2 x 30 mL), water (30 mL), brine (30 mL), dried over Na2SO4,
and filtered. The solvent was removed under reduced pressure in a rotary evaporator at 45 °C
and the resulting crude was purified via recrystallization in ethyl acetate yielding Fc2-hex as a
dark yellow solid solid. Yield: 0.95 g, 65%. 1H NMR (400 MHz, CDCl3, 25 °C) δ 8.05 (d, J = 8.4
Hz, 4H), 7.63 (d, J = 8.4 Hz, 4H), 7.05 (s, 2H), 4.34 (t, J = 6.7 Hz, 4H), 4.28 – 4.01 (m, 22H), 2.60
(t, J = 7.6 Hz, 4H), 2.05 (t, J = 7.3 Hz, 4H), 1.86 – 1.72 (m, 4H), 1.51 – 1.34 (m, 12H), 1.00 – 0.88
(m, 6H).

C NMR (100 MHz, CDCl3, 25 °C) δ 166.42, 154.06, 131.76, 130.38, 129.87, 128.23,
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117.38, 114.39, 100.30, 94.79, 89.13, 69.06, 65.70, 31.80, 30.89, 29.03, 26.21, 26.05, 22.88,
14.33.

Figure 5-8 Synthesis of Fc1-link.

Fc1-PEPEP linker (Fc1-link): Fc1-hex (1.65 g, 2.1 mmol) was added to a 100 mL round-bottom
flask equipped with a magnetic stirbar. THF (15 mL) was added and the solution was stirred at
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room temperature for 20 minutes before the addition of 5 M KOH in methanol (2 mL). The reaction
was heated to 80 °C for 8 hours until the reaction was complete, monitored by TLC until the
starting material was no longer observed. The reaction mixture was cooled to room temperature
and the THF was removed under reduced pressure in a rotary evaporator at 45 °C. The resulting
crude was then dissolved in water (20 mL) and neutralized with the dropwise addition of 2 M HCl
until a pH of 3-4 is achieved, causing the formation of a yellow precipitate. The solid was collected
via filtration, washed with water (3 x 20 mL) and dried under high vac yielding Fc1-link as a yellow
solid. Yield: 1.16 g, 87%. 1H NMR (400 MHz, DMSO-d6, 25 °C) δ 8.03 – 7.87 (m, 4H), 7.71 – 7.56
(m, 4H), 7.21 (d, J = 1.4 Hz, 2H), 4.11 – 3.95 (m, 11H), 3.83 (s, 3H), 2.52 (dd, J = 8.9, 6.4 Hz,
2H), 1.98 – 1.85 (m, 2H). 13C NMR (100 MHz, DMSO-d6, 25 °C) δ 167.45, 167.43, 154.49, 153.94,
132.22, 132.14, 131.39, 131.37, 130.41, 130.37, 127.57, 127.44, 117.99, 116.13, 113.99, 113.37,
94.98, 94.88, 89.62, 89.44, 88.75, 69.08, 69.02, 68.63, 67.76, 57.11, 30.69, 26.02.

Figure 5-9 Synthesis of Fc2-link.

Fc2-PEPEP linker (Fc2-link): Fc2-hex (1.0 g, 1.0 mmol) was added to a 100 mL round-bottom
flask equipped with a magnetic stirbar. THF (10 mL) was added and the solution was stirred at
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room temperature for 20 minutes before the addition of 5 M KOH in methanol (2 mL). The reaction
was heated to 80 °C for 8 hours until the reaction was complete, monitored by TLC until the
starting material was no longer observed. The reaction mixture was cooled to room temperature
and the THF was removed under reduced pressure in a rotary evaporator at 45 °C. The resulting
crude was then dissolved in water (20 mL) and neutralized with the dropwise addition of 2 M HCl
until a pH of 3-4 is achieved, causing the formation of a dark yellow precipitate. The solid was
collected via filtration, washed with water (3 x 20 mL) and dried under high vac yielding Fc2-link
as a dark yellow solid. Yield: 0.65 g, 77%. 1H NMR (400 MHz, DMSO-d6, 25 °C) δ 7.96 (d, J = 8.0
Hz, 2H), 7.64 (d, J = 8.1 Hz, 2H), 7.23 (s, 1H), 4.11 – 3.93 (m, 13H), 2.53 (d, J = 8.0 Hz, 2H), 1.93
(s, 2H).

Generalized procedure for MOF synthesis as bulk powders: In an Ar-filled glovebox benzoic
acid (330 mg, 0.09 mmol) and ZrOCl2·8H2O (29 mg, 0.09 mmol) were added to a 20 mL
scintillation vial equipped with a magnetic stirbar. DMF (5 mL) was added and the reaction mixture
was stirred at 80 °C for 20 minutes. PEPEP MOF linker (0.09 mmol) was then added and the
reaction was stirred for another 20 minutes at 80 °C. The mixture was then transferred to a 8 mL
vane vial and was subsequently capped with a glass stopper and removed from the glovebox.
The reaction vessel was placed in an oven heated to 120 °C for 24 h. The vial was removed from
the oven and cooled to room temperature for 30 minutes. MOF product was scraped from the
vessel, filtered, rinsed with DMF, CH2Cl2 and air dried.

Generalized procedure for MOF synthesis as thin films on FTO: In an Ar-filled glovebox
benzoic acid (330 mg, 0.09 mmol) and ZrOCl2·8H2O (29 mg, 0.09 mmol) were added to a 20 mL
scintillation vial equipped with a magnetic stirbar. DMF (5 mL) was added and the reaction mixture
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was stirred at 80 °C for 20 minutes. PEPEP MOF linker (0.09 mmol) was then added and the
reaction was stirred for another 20 minutes at 80 °C. The mixture was then transferred to an 8 mL
vane vial containing a pre-treated FTO glass slide with its conductive side faced down. The vial
was capped with a glass stopper, removed from the glovebox, and placed in an oven heated to
110 °C for 16 h. The vial was removed from the oven and cooled to room temperature for 30
minutes. The MOF-covered FTO slide was removed from the reaction vessel, rinsed with fresh
DMF, and left to air-dry.

5.2

Results and Discussion

This project began with a simple research goal, synthesize p-terphenyl dicarboxylic acid
compounds with alkoxy tethered aromatic pendants. Each of these compounds were intended for
the incorporation into a UiO-68-like zirconium MOF and only differ by the variety of redox active
species. Figure 4-1 shows the structure of the three targeted compounds and a generalized
synthetic scheme towards their isolation. While these initial structures were not successfully
implemented in a functioning redox-active MOF, the synthetic roadblocks encountered will be
heavily featured in this section as they have clear implications for the design of other MOF
systems.

5.2.1 Synthetic Troubleshooting of p-Terphenyls
Of the three targeted compounds the quinoxaline (qxl) was attempted first. This began
with a glyoxal condensation of 1,2 diaminotoluene in water at 70 °C to form methyl quinoxaline
(compound 1) as a brown oil. Next, a benzylic bromination with n-bromosuccinimide (NBS), the
free

radical

initiator

AIBN,

in
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Figure 5-10 Generalized synthetic strategy towards the isolation of redox-pendant bearing terphenyl
species
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Figure 5-11 Initial attempts to form double qxl benzyl ether
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Figure 5-12 Initial attempts to form a stable benzylic ferrocene pendant.

This too proceeded smoothly, although the product bromide (2) was found to have low stability
when stored at room temperature, storage at low temperatures enabled a longer shelf-life. From
here, the first in a long line of roadblocks was encountered.
The formation of compound 4 as a result of a double Williamson etherification of
dibromohydroquinone (3) with potassium carbonate in N,N-dimethylformamide (DMF). The
reaction never yielded any product that could be effectively characterized, at the time it was
believed that the unstable quinoxaline bromide was polymerizing with itself somehow, though no
reasonable mechanism for that to occur could be imagined. This was attempted 22 times, varying
the concentration, amount and variety of base, the presence of iodide catalysis, and others. Since
this was believed to be related to the quinoxyl bromide substrate, an alternative synthesis was
envisioned.
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Figure 5-13 Successful synthesis of ferrocenyl pendant electrophile.
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Figure 5-14 Generalized structure of the lowly soluble redox pendant intermediate.

This included the formation of a qxl aldehyde (5) from compound 1 and subsequent reduction with
sodium borohydride (NaBH4) in methanol to yield qxl alcohol, compound 6. From here two
potential pathways were possible, the first involved the formation of a tosylate leaving group and
attempting the Williamson etherification again. The toslyate qxl failed to form, instead yielding the
chloro qxyl deriviative (7) from sequential nucleophilic attack of the tosylate with the chloride ions
in solution. The alternative path involved a Mitsunobu etherification procedure from the OH group
on 6 and the acidic phenol protons on 3. This too did not yield the product, instead forming a large
quantity of an unidentifiable insoluble powder like that found for the Williamson method.
Similar attempts were made for the ferrocene (Fc) analogue ether from nucleophilic
substitution of a Fc electrophile. The ferrocene electrophile required several attempts to isolate,
the Fc tosylate and bromides were not stable. Additionally, the Mitsunobu reaction of the Fc
alcohol formed more insoluble powder. Next, a multistep formation of a dimethylaminoferrocene
(9) and the dimethyl ammonium ferrocene methiodide (10) derivatives were synthesized, and
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while it was the first ferrocene electrophile that was stable, it too resulted in an unidentifiable
powder when subjected to base-promoted etherification with the phenolic compound 3.
5.2.2

First Synthetic Redesign: Incorporation of Long Chain Alkyl Esters
At this stage it was hypothesized that the issues regarding the formation of the dibenzylic

ethers 4 and 8 were related to the intrinsically low solubility of compounds sharing that
configuration (Figure 4-3). That is to say, in the previous attempts, the product was forming, but
it was too insoluble to be used or characterized in subsequent steps. From here, the previous
synthetic path was completely reworked (Figure 4-4).

The

new

strategy

involved

the

formation of the terphenyl structure with MOM-protected hydroxy groups along the center ring, as
well as long chain alkyl esters at the ends. It is well understood, that the incorporation of aliphatic
sp3 hybridized groups can help make low solubility compound easier to process. The MOMhydroxy groups would be deprotected with ZrCl4 and then once again subjected to etherification
conditions with the various electrophiles from previous attempts. Perhaps unsurprisingly, this too
encountered issues.
In order to form the terphenyl structure 15 via a Suzuki coupling procedure a boronate
species with long chain alkyl esters was required. The 4-iodo-hexyl benzoate (12) was subjected
to Miyaura borylation conditions to form compound (13), this product was a very thick oil that was
difficult to work with and purify. The yield (roughly 20%) was low due to its degradation when
exposed to silica gel chromatography. This process was refined to form the boronic acid 14,
increasing the yield considerably to 68%. Compound 14 is of particular importance for synthesis
of low solubility MOF linkers, as all targeted compounds in this chapter will include them. The
Suzuki of 14 and MOM-protected dibromohydroquinone yielded terphenyl 15 in 75% yields. The
deprotection of 15 seemed to proceed favorably, although it appeared the hydroxy terphenyl 16
was

highly

insoluble,

despite

the

presence
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of

the

two

hexyl

chains.

Figure 5-15 First synthetic redesign to work around lowly soluble benzylic ethers.
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From here the Williamson etherification was attempted once again, with the qxl bromide
electrophile (2). This, finally, was successful due to the solubilizing properties of the hexyl esters,
although the yield was quite low at 25%. This method was applied to the trimethyl ammonium
ferrocene electrophile as well as a naphthalene bromide electrophile (18) to form the dihexyl ester
compounds 18, 19, and 20. Subsequent hydrolysis of these esters yielded the MOF linkers 21,
22, and 23.
The successful isolation of these three MOF linkers however, was dampened by our
inability to assemble the framework. Zr-based frameworks require lengthy trial and error
crystallization attempts so as to form a highly crystalline MOF structure. The low yields associated
with the nucleophilic substitution of the hydroxy terphenyl 17 were determined to be due do
oxidation of the hydroquinone to its benzoquinone analogue. The result was that the synthetic
routes to these pendant-bearing links were too inefficient to acquire enough material to properly
fine tune the MOF assembly. Additionally, crystallization attempts involving the ferrocene pendant
were resulting in an amorphous and black solid. It was suggested that the benzylic carbon
featured on the ferrocene pendant, was too reactive to form a stable linker. Given the reliability of
the ferrocene moiety for use in electrochemical systems and the synthetic difficulties encountered
thus far, it was decided to focus our efforts on the incorporation of a ferrocene pendant first before
attempting any other varieties.
5.2.3

Second Synthetic Redesign: Double Wittig of Ferrocene Carbaldehyde
Operating under the belief that the previous Fc pendant was unstable due to the presence

of a benzylic methylene ether, the structure of the covalent tether was reexamined. It was decided
that replacing the aromatic oxygen with a carbon could potentially result in its eventual
incorporation

into

a
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Zr-MOF.

Figure 5-16 Successful branched synthesis of the Williamson etherification of dihydroxy terphenyl
dihexyl ester.
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Figure 5-17 Unsuccessful synthesis for the formation of dibromo di-ferrocenyl ethyl benzene.
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Figure 5-18 Successful isolation of di ferrocenyl ethyl terphenyl diacid.
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The result is the targeted MOF linker found in Figure 4-9. The p-dibromo-p-xylene (24) would be
brominated at the benzylic positions (compound 25) and subsequently transformed into a
triphenyl phosphonium Wittig reagent by nucleophilic substitution of triphenylphosphine (PPh3).
The phosphonium (compound 26) was converted into the ylide component by addition of
potassium tert-butoxide and subjected to ferrocene carbaldehyde to form the double Fc alkene
compound 27. From here the alkenes were to be reduced with H2 gas with a Pd/C catalyst to form
the double ethylene Fc compound 28a. This was unsuccessful due to reductive dehalogenation
of the aromatic bromides on 27 resulting in the undesired side products 28b and 28c, which were
inseparable via column chromatography. This caused yet another redesign similar to the first,
where the terphenyl structure is formed (compound 29) and then the benzylic methyls are
brominated (Figure 4-9). This was challenging due to the difficulties encountered when attempting
to separate multiple bromination products from one another, however the terphenyl dibenzylic
bromide 29 was successfully formed, and converted into the phosphonium intermediate for Wittig
coupling of the ferrocenes. This too, was successful, although the yield of the Wittig was relatively
low at 46%. The alkenes were then reduced with the H2 gas and Pd/C with high yields, and
subsequently hydrolyzed to yield the Fc MOF linker (compound 34). Unfortunately, this synthetic
pathway was also too inefficient to yield enough linker for MOF assembly and the framework with
this substance was unable to be formed. Additionally, the replacement of the ether oxygen with a
methylene carbon made for a highly insoluble compound and this route was scrapped
5.2.4

Final Synthetic Redesign: Dialkoxy PEPEP and Propoxy Ferrocene
From the difficulties encountered up until this point two main guidelines were extracted:

first the synthesis of the MOF linkers needs to be less synthetically intensive so as to yield enough
product to achieve crystallization, and second that an easier-to-assemble framework was likely
required.
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Figure 5-19 a) Unit cell of dialkoxy PEPEP PIZOFs blue and yellow sphere represent pore vacancy b)
zirconium oxide cluster c) Unit cell of dialkoxy PEPEP PIZOFs d) Topological representation of
PEPEP PIZOFs interpenetrated structure e) convex tetrahedral pore f) concave tetrahedral pore g)
Unit cell of dialkoxy PEPEP PIZOFs with interpenetrated pore cavity highlighted. h) Isoreticular
powder patterns for 8 PEPEP analogues. ©John Wiley and Sons.25
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Figure 5-20 Synthesis of compounds 36, 38, 39, and 41.
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Breakthrough came in the form of an alternative Zr-based MOF system that is comprised
of MOF linkers with a PEPEP (P = phenylene, E = ethylnyl) architecture.25 The initial PEPEP
procedure was particularly appealing as featured the crystallization of a series of linkers along the
central ring that were amenable to substitution. It was observed that despite the length or size of
the alkylated group, all of the dialkoxy PEPEP linkers crystallized under identical condition (Figure
4-10) which would reduce the amount of troubleshooting required once the ferrocene-bearing link
was isolated. Additionally, the new MOF structure was found to be highly stable, due in-part to
the interpenetrated morphology that it assembled under. Accordingly, another synthetic route was
envisioned as can be seen in Figure 4-11 and 12.
This strategy began with the Friedel-Crafts acylation of ferrocene with 3-bromo-propionyl
chloride using AlCl3 in DCM, resulting in the successful isolation of the propylketo-ferrocenyl
compound 35. This was reduced in a NaBH3/AlCl3 system with THF as a solvent to yield the new
3-bromopropylferrocene compound 36. Given the additional size of the propoxy ferrocene
pendant and the solubility issues encountered with double pendant bearing aromatic ethers, it
was hypothesized that a mono-ferrocene derivative would be advantageous as it would be less
sterically demanding once tethered inside the pores of the framework. Additionally, it would be
easier to manipulate as the methoxy substituent would add more solubility. This however, required
a hydroquinone variety with a singly protected oxygen as seen in the diiodo-methoxyphenol,
compound 39. It was found by several troubleshooting attempts that the mono-Williamson with a
hydroquinone to form a singly alkoxylated product do not perform well, forming a mixture of
starting material and dialkoxylated aryl ethers. It is, however, much easier to take one methoxy
group

off

than

to

put
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just

one

on.

Figure 5-21 Successful isolation of Fc1-link
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So, after synthesizing diiodo-dimethoxy-benzene, it was subjected to a demethylation procedure
with 1 molar equivalent of BBr3 in DCM for 24 hours, resulting in a mixture of starting material
(37), the mono-methylated compound 38, and 39 with the with yields given in Figure 4-11. These
three products were separated and the mono hydroxy compound 39 was subjected to WE
conditions once more with the new propyl bromo ferrocene electrophile. The reaction was
successful, and the mono ferrocene product 39 was sufficiently soluble to be purified and
characterized.
Seeing as the PEPEP link structure involves alternating aromatic and alkynyl π-systems
the method of backbone construction would need to be revisited. Previously a boronic acid with
long chain hexyl esters was used as the “end piece” of the MOF linker via Suzuki-Miyaura
coupling, this was necessary as the targeted terphenyl structure required the formation of
aromatic-aromatic bonds between the three phenylenes along the rigid core. However, the
requirement of triple bonds between the inner and outer phenyl rings requires the formation of
aromatic-alkynyl bonds, which involves the application of Sonogashira cross coupling. To serve
this end, an alternative was designed in the acquisition of 4-ethynyl hexyl benzoate, compound
40. From the previously synthesized compound 11 was formed 40 via Sonogashira cross coupling
of TMS acetylene and subsequent desilylation with CsF in MeOH. This hexylated terminal alkynyl
ester (40) was subjected to a subsequent Sonogashira coupling with the mono-ferrocene pendant
(39) to form the mono ferrocene PEPEP dihexyl ester (Fc1-hex). Subsequent hydrolysis with
tetrabutylammonium hydroxide in THF yielded the desired mono ferrocene linker (Fc1-link).
With the newly acquired MOF linkers, several attempts were made to crystallize it in 1
dram vials, mimicking the crystallization conditions of the original dialkoxy PEPEP systems
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Figure 5-22 (top) Structure of Fc1-PEPEP MOF. (bottom)PXRD of the first successful pre-synthetic
assembly of a ferrocene pendant-bearing MOF linker.
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. I had previously worked with the dialkoxy PEPEP frameworks for use in another project and was
familiar with how easily the framework assembled with 1.0 equivalent of ZrCl4, 25 equivalents of
benzoic acid, in DMF, at 120 °C, for 24 hours. This appeared to not be the case, as the several
first attempts resulted in the insoluble and amorphous brown paste encountered during the pterphenyl crystallization attempts. At this point we realized that the ferrocene was itself
destabilized to the conditions of the MOF crystallization. The dark brown/black color was
hypothesized to be iron oxide most likely due to the presence of oxygen within the crystallization
conditions and promoted by the high oxidation state of the Zr4+ species. So, the MOF assembly
was attempted again, this time using a flame sealed glass tube that was subject to several freezepump-thaw cycles so as to de-oxygenate the system. This led to the first successful MOF
assembly of the Fc1-link as can be seen by the PXRD pattern in Figure 4-13 and is the first
example of pre-synthetic ferrocene incorporation into a Zr-framework.

5.2.5 Additional Linkers for Multi-Variate MOF Assembly
Although the synthetic route towards the actualization of the Fc1-link system is relatively
involved, one of the advantages is that many of the precursors and side products can be
repurposed for the synthesis of the other linker varieties. These alternative linkers could
potentially be co-crystallized together in what is referred to as a multi-variate MOF system. Given
that the purpose of the project was to grow thin films with redox activity, the ability to tune the
electrochemical response by varying the proportions of other di-alkoxy linkers was an interesting
prospect. As a result, two more linkers were synthesized, the standard dimethoxy PEPEP
featured in the original PEPEP article (OMe-link), and the double ferrocene iteration (Fc2-link).
As the pieces of OMe-link were already synthesized, only the double ferrocene pendant aryl
iodide needed to be constructed. This was done by repurposing the diiodohydroquinone 37 to
undergo

a

double

WE

reaction

with

the
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same

propyl

ferrocene

bromide

(31).

Figure 5-23 Modular pairing of “end piece” alkynyl hexyl benzoate 41 and diiodo dialkoxy
“centerpieces” 37, 42, and 43.
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Despite the solubility issues encountered previously from other ferrocene dialkoxy ether
derivatives, it was believed that the addition of two extra methylene carbons on both side sp 3
hybridized “tethers” would endow the compound with enough processability to work with. This
turned out to be proven true, if just barely, as the diiodo Fc2 centerpiece (compound 41) featured
much less solubility than its Fc1 counterpart, it was however, sufficient for solution-based NMR
characterization as well as inclusion in the subsequent double-Sonogashira coupling with alkynyl
ester end piece, compound 40. Despite the presence of the additional methylene carbons
featured on the aliphatic pendant tether as well as the two hexyl esters, the compound Fc2-hex
still featured very low solubility and thus was not amenable to purification via column
chromatography. This however was side-stepped by washing the solid in refluxing ethyl acetate,
effectively purifying the compound. Subsequent hydrolysis in the previously used tetrabutyl
ammonium hydroxide system yielded Fc2-link.

5.2.6 Multi-Variate MOF assembly
By selectively pairing 40 with the three dialkoxy centerpieces 35, 39, and 41 three PEPEP
linkers were acquired with the intent of constructing a MOF system where the redox properties
could be pre-synthetically controlled by varying their input proportions. For other redox active
MOF iterations, this is not possible for various reasons. The as-synthesized NU-1000 CV
response is a result of the pyrene group featured on the linker, and there is a low probability that
a redox-inactive tetratopic analogue would crystallize under the same conditions. The ferrocene
incorporated NU-1000 was performed “post-synthetically”, meaning that the MOF was assembled
first, and then the Fc carboxylate was incorporated. This method of ferrocene impregnation has
no element of control and cannot prevent the complete proliferation of the ferrocene pendant
throughout the framework. The Zr-based dihydroxy NDI linker similarly relies on the crystallization
conditions that are tuned for a MOF linker of a specific length and solubility, so finding a redox259

inactive analogue with the same approximate shape that crystallizes under identical conditions
would be synthetically challenging and unlikely.
The advantage of our multi-variate (MV) system is the ability for the dialkoxy architecture
to form isoreticular PIZOF frameworks under identical crystallization conditions. This was first
attempted in MOF powders with mixtures of the Fc1-link and OMe-link (referred to henceforth
as simply Fc1 and OMe). Figure 4-15 shows the PXRD of each of these MV systems, exhibiting
high crystallinity and identical framework structure from 0% to 100% to Fc1. Although, the MV
frameworks were all well-ordered, that did not guarantee that the level of incorporation pertaining
to each linker was equivalent to the molar quantities of solid linkers put into the crystallization.
Even though these compounds were proven to form the same framework connectivities under the
same acid modulator conditions, they have different solubilities and aggregative states in solution
and therefore could crystallize at different rates.

This unknown required analysis of their

input-output ratios via NMR quantification. The MOF powders were first washed with DMF, CH2Cl2
and dried under high vacuum. They then were digested in by 0.1 M NaOD, dissolved in deuterated
dimethylsulfoxide (DMSO-d6) and analyzed via 1D 1H nuclear magnetic resonance (NMR). A
nearly 1:1 correlation of MOF linker input to framework output was observed (see supplemental).
The systematic varying of the PEPEP linkers to form bulk MOF powders was extended to
include combinations of OMe and Fc2 as well as Fc1 and Fc2. These, similarly, formed
isoreticular frameworks with PXRD powder patterns that can be found in the supplemental. The
100% Fc2 crystallization, however, did not form an assembly as expected and it was theorized
that the presence of so many ferrocene pendants within the MOF pore prevented its
crystallization. Additionally, the input-output ratios of these systems were unable to be determined
via the previously used NMR quantification method, as the solubility of the Fc2 linker was very
low and therefore it’s NMR signal in solution would be unrepresentative of the MOF’s composition.
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Figure 5-24 XRD of multi-variate Fc1/OMe MOFs powders.
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5.2.7 Thin Film Growth
The original intent of this project was to grow MOFs as thin films on transparent electrodes
such as indium doped tin oxide (ITO) and fluorine doped tin oxide (FTO) to be used as a working
electrode in cyclic voltammetry. Metal-oxide coated glass is often used for MOF thin films due to
their conductive properties, as well as the affinity of the carboxylic acid linkers for metal oxides.
As seen in other instances of Zr-MOF thin films, the glass electrodes (both ITO and FTO) were
first, rigorously cleaned via a multi-step procedure (see section 4.2) and subsequently soaked in
a 20 mM solution of Fc1 and equimolar amounts of pyridine for 24 hours. This was to form what
is referred to as a “self-assembled monolayer” (SAM) which essentially pre-coordinates the MOF
linkers to the metal oxide surface before introduction of the zirconium source. The glass slides
were then removed from the SAM solution, rinsed thoroughly with DMF, and air dried.
The first attempt of thin-film growth was performed using the glass substrate ITO, this
method did not prove fruitful as the framework seemed to exhibit poor surface adhesion. After
several more attempts the conductive side of the ITO glass was probed with a digital voltmeter
post-crystallization. It was found that the ITO was no longer conductive after being subjected to
the reaction conditions and it is suspected that the HCl byproduct from crystallizations of
zirconium frameworks was responsible for removing the metal oxide layer. The removal of the
metal-oxide from the glass substrate would result in poor coordination with the electrode and the
MOF crystals.
The alternative transparent electrode, FTO, is considered to be more robust and thusly is
the preferred substrate for MOF thin-film growth. Pre-treated FTO was placed into 12 mL glass
vane vials under Ar-gas glovebox techniques to exclude oxygen, preventing ferrocene
degradation. These were first subjected to identical crystallization conditions as found in the
literature

crystallization

of
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OMe.25

Figure 5-25 XRD of Fc1/OMe thin-films grown on FTO substrates.
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Post reaction conductivity was measured once again with a digital multimeter and they were
determined to have retained their conductive properties. The films were found to have high
surface adhesion but had poor surface coverage, additionally they featured large crystallite
particles dispersed along their surface. Varying the reaction time either resulted in MOF-crystals
being sporadically dispersed along the surface and/or formed films that were too thick.
These preliminary findings resulted in two main determinations regarding the film-growth
process. First, the concentrations and time used for the growth of bulk MOF powders were
causing crystallizations that were too fast to be effectively controlled. Second, framework
crystallites that assembled in the bulk solution were precipitating onto the surface of the film,
disrupting the possibility of high surface coverage. The rate of MOF-formation was slowed by
decreasing the concentration of the reaction from 0.018 M to 0.012 M, in addition to increasing
the molar equivalents of the zirconium source (ZrOCl2 * 8H2O, 1 equivalent to 1.5) and the acid
modulator (benzoic acid, 30 equivalents to 45). In regard to the problem of in-solution
precipitation, thin-flms were henceforth grown with their conductive sides faced-down to restrict
the presence of MOF formation from non-surface processes. These optimized conditions resulted
in films that were still very rough in appearance but exhibited high surface coverage and thus
were deemed suitable for redox analysis. The systematic variation of Fc1 and OMe ratios grown
as powders was repeated on FTO as thin films, the XRD patterns from which can be observed in
Figure 1-16.

5.2.8 Cyclic Voltammetry
Collaborators at the University of Illinois Urbana-Champagne subjected the films to cyclic
voltammetry in acetonitrile (MeCN) with the electrolyte LiPF6. The films were found to give redox
signals consistent with the a ferrocenyl pendant group bearing compound and that there was a
positive

correlation

found

between

ferrocene
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content

and

peak

current.

Figure 5-26 Cyclic Voltammograms of Fc1/OMe thin films as the working electrode. a Ag reference
electrode, and a Pt counter electrode. Surface area of the films was fixed using a Teflon SECM cell at
1.5 mm2.

265

Figure 5-27 Image of Fc1/OMe films and reaction vessels

Figure 1-17 shows the CV waves for five of the eight Fc1/OMe films. What is immediately
apparent is that the oxidative and reductive wave peak currents are not linear with concentration.
According to the Randles Sevcik equation, all other factors being equal, the peak current should
increase linearly with concentration.26 This result was unexpected and our collaborators are
currently investigating theories as to why this is being observed.

5.3

Conclusion

In conclusion, after much synthetic troubleshooting, the successful incorporation of a
redox pendant bearing MOF linker was achieved inside an ultra stable highly porous zirconium
framework. The PEPEP PIZOF architecture was found to be amenable to co-crystallization as
both powders and films grown onto FTO glass electrodes of OMe-link, Fc1-link, and Fc2-link were
incorporated in a multi-variate assemblies. For powders with combinations of OMe and Fc1, the
MOF powders were digested and found to have a 1:1 input to output ratio relative to linker
incorporation. Electrochemical activity was observed via cyclic voltammetry with oxidative and
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reductive voltages consistent with that of ferrocenyl pendant. Additionally, the co-assembled
MOFs were found to retain redox activity to as low as 25% Fc1 composition. The peak currents
were found to have an exponential correlation with ferrocene content despite theoretical equations
that suggest the trend should be otherwise. This study is ongoing and will require further testing
to verify these observations. Data regarding the Fc2/OMe is still being analyzed, and it will be of
interest to see if the exponential trend is reflected in films where the distribution of redox active
centers is disparate from the Fc1/OMe films. This work represents a valuable contribution towards
applications of metal-organic frameworks as electroactive materials.
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CHAPTER 6:

CONCLUSION AND OUTLOOK

Polycyclic aromatic compounds comprise a large and important subsection of organic
chemistry. Their role as both environmental hazards and as materials for advanced electronics
underlines the necessity of practical methods towards their synthesis and isolation. The research
outlined in the previous chapters represents the application of organic chemistry towards aromatic
substrates in both molecular and extended systems. Twelve dibenzo and naphtho fluoranthenes
were synthesized in high yields and purity by an optimized Pd-catalyzed intramolecular arylation
reaction. Their electronic and structural properties were rigorously characterized for use as
analytical standards and optoelectronic materials. Five hexaphenyl benzene linkers were made
for incorporation of heavy molecular weight polycyclic aromatic hydrocarbons in metal organic
frameworks (MOFs). The incorporation of redox active aromatic pendants into a highly robust
zirconium metal organic framework featured electrochemical activity that could be tuned by
stoichiometric control of its components.
With regards to the targeted synthesis of molecular polycycles, the guidelines described
in chapter 2 will aid in the acquisition of larger or substituted fluoranthene molecules. While our
focus was specifically dealing with compounds made up of sp2 hybridized carbon and hydrogen,
polycyclic aromatics featuring aliphatic, nitro, amino, alkoxy and other groups have a profound
effect on their toxicological and electronic properties. Future work will involve the expansion of
arylation reactions towards a wider variety of substrates that feature the fluoranthene parent
structure. Their photophysical characteristics will be applied towards their identification and
quantification in environmental standards. The compounds themselves will be studied to
determine their toxicological effects when introduced to biological systems. The series of nuclear
magnetic resonance experiments used towards their complete 1H/13C assignment can be applied
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to other systems where the presence of structural rearrangements requires their unambiguous
identification.
The hexaphenylated MOF linkers described in Chapter 4 underlines the challenging
nature of designing linkers that can be effectively incorporated into a framework. Typical of
working with large aromatic systems, issues of solubility play an important role in framework
assembly. Future work in this regard will pertain to increasing linker solution processibility by
either the addition of specific functional group substituents or by changing the connectivity of the
framework.

Other

research

has

provided

evidence

of

a

successful

post-synthetic

cyclodehydrogenation reaction, but their lack of fluorescence data is notable. It is suspected that
the Scholl oxidation did indeed occur, but that they were unable to remove the iron from the MOF
lattice thereby causing quenching of the hexabenzocoronene linkers. As outlined in the
introduction, there are many reagent systems that can enable a cyclodehydrogenation of
hexaphenyl benzene and a rigorous screening of these various systems will be beneficial towards
optimizing this process. Additionally, MOF linkers could be specifically designed to include antiperi-planar groups that could disrupt the intermolecular aggregation of a pre-synthetically
condensed HBC-ligand (Figure 6-1).
The application of the PEPEP PIZOF Zr framework as a robust and tuneable platform for
the incorporation of redox active aromatics provides a valuable foundation for the growing field of
electronically active MOFs. While the success outlined in Chapter 5 only includes linkers
containing ferrocene pendants, this was chosen for the reliability and well-understood
electrochemical behavior of the ferrocene group. The dialkoxy PEPEP parent structure can be
substituted with a variety of other redox active species with minimal modification to the synthetic
strategy (Figure 6-3). The ability of linkers as structurally diverse as OMe-link, Fc1-link, and Fc2link to be incorporated into a multi-variate system with identical crystallization conditions suggests
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that alternative pendant-bearing linker analogues will similarly crystallize under these conditions.
This opens the possibility for MOF applications as electrocatalysts, photovoltaics, and energy
storage devices.
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Figure 6-1 Two tetratopic hexaphenyl benzene linkers that could potentially be pre-synthetically
cyclized and incorporated into a framework. The mesityl and orcinyl groups would theoretically prevent
extensive aggregation and increase solubility.
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Figure 6-2 Two alternative PEPEP-based linkers with redox active pendants.
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Figure A-1 Permission for reprint of Figure 1-2
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Figure A-2 Permission for reprint of Figure 1-4
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Figure A-3 Permission for reprint of Figure 1-22
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Figure A-4 Permission for reprint of Figure 1-33
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Figure A-5 Permission for reprint of Figure 1-37
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Figure A-6 Permission for reprint of Figure 1-38
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Figure A-7 Permission for reprint of Figure 1-39
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B.1

1D NMR of PAH Precursors

Figure B-1 1H NMR (400 MHz, CDCl3, 25 °C) of compound S1

Figure B-2 13C NMR (100 MHz, CDCl3, 25 °C) of compound S1
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Figure B-3 1H NMR (400 MHz, CDCl3, 25 °C) of compound 2

Figure B-4 13C NMR (100 MHz, CDCl3, 25 °C) of compound 2
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Figure B-5 1H NMR (400 MHz, CDCl3, 25 °C) of compound 3

Figure B-6 13C NMR (100 MHz, CDCl3, 25 °C) of compound 3
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Figure B-7 1H NMR (400 MHz, CDCl3, 25 °C) of compound S2

Figure B-8 13C NMR (100 MHz, CDCl3, 25 °C) of compound S2
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Figure B-9 1H NMR (400 MHz, CDCl3, 25 °C) of compound S3

Figure B-10 13C NMR (100 MHz, CDCl3, 25 °C) of compound S3
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Figure B-11 1H NMR (400 MHz, CDCl3, 25 °C) of compound 4

Figure B-12 13C NMR (100 MHz, CDCl3, 25 °C) of compound 4
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Figure B-13 1H NMR (400 MHz, CDCl3, 25 °C) of compound 5

Figure B-14 13C NMR (100 MHz, CDCl3, 25 °C) of compound 5
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Figure B-15 1H NMR (400 MHz, CDCl3, 25 °C) of compound S4

Figure B-16 13C NMR (100 MHz, CDCl3, 25 °C) of compound S4
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Figure B-17 1H NMR (400 MHz, CDCl3, 25 °C) of compound 6 \

Figure B-18 13C NMR (100 MHz, CDCl3, 25 °C) of compound 6
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Figure B-19 1H NMR (400 MHz, CDCl3, 25 °C) of compound S5

Figure B-20 13C NMR (100 MHz, CDCl3, 25 °C) of compound S5
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Figure B-21 1H NMR (400 MHz, CDCl3, 25 °C) of compound 8

Figure B-22 13C NMR (100 MHz, CDCl3, 25 °C) of compound 8
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Figure B-23 1H NMR (400 MHz, CDCl3, 25 °C) of compound S6

Figure C-24 13C NMR (100 MHz, CDCl3, 25 °C) of compound S6
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Figure B-25 1H NMR (400 MHz, CDCl3, 25 °C) of compound 9

Figure B-26 13C NMR (100 MHz, CDCl3, 25 °C) of compound 9
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Figure B-27 1H NMR (400 MHz, CDCl3, 25 °C) of compound S7

Figure B-28 13C NMR (100 MHz, CDCl3, 25 °C) of compound S7
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Figure B-29 1H NMR (400 MHz, CDCl3, 25 °C) of compound 11

Figure B-30 13C NMR (100 MHz, CDCl3, 25 °C) of compound 11
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Figure B-31 1H NMR (400 MHz, CDCl3, 25 °C) of compound S8

Figure B-32 13C NMR (100 MHz, CDCl3, 25 °C) of compound S8
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Figure B-33 1H NMR (400 MHz, CDCl3, 25 °C) of compound S9

Figure B-34 13C NMR (100 MHz, CDCl3, 25 °C) of compound S9
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Figure B-35 1H NMR (400 MHz, CDCl3, 25 °C) of compound S10

Figure B-36 13C NMR (100 MHz, CDCl3, 25 °C) of compound S10
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Figure B-37 1H NMR (400 MHz, CDCl3, 25 °C) of compound S11

Figure B-38 13C NMR (100 MHz, CDCl3, 25 °C) of compound S11
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Figure B-39 1H NMR (400 MHz, CDCl3, 25 °C) of compound S12

Figure B-40 13C NMR (100 MHz, CDCl3, 25 °C) of compound S12
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Figure B-41 1H NMR (400 MHz, CDCl3, 25 °C) of compound S13

Figure B-42 13C NMR (100 MHz, CDCl3, 25 °C) of compound S13
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Figure B-43 1H NMR (400 MHz, CDCl3, 25 °C) of compound 12

Figure B-44 13C NMR (100 MHz, CDCl3, 25 °C) of compound 12
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Figure B-45 1H NMR (400 MHz, CDCl3, 25 °C) of compound 13

Figure B-46 13C NMR (100 MHz, CDCl3, 25 °C) of compound 13
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Figure B-47 1H NMR (400 MHz, CDCl3, 25 °C) of compound S14

Figure B-48 13C NMR (100 MHz, CDCl3, 25 °C) of compound S14
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Figure B-49 1H NMR (400 MHz, CDCl3, 25 °C) of compound S16

Figure B-50 13C NMR (100 MHz, CDCl3, 25 °C) of compound S16
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Figure B-51 1H NMR (400 MHz, CDCl3, 25 °C) of compound 14

Figure B-52 13C NMR (100 MHz, CDCl3, 25 °C) of compound 14
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Figure B-53 1H NMR (400 MHz, CDCl3, 25 °C) of compound 15

Figure B-54 13C NMR (100 MHz, CDCl3, 25 °C) of compound 14

311

Figure B-55 1H NMR (400 MHz, CDCl3, 25 °C) of compound 16

Figure B-56 13C NMR (100 MHz, CDCl3, 25 °C) of compound 16
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Figure B-57 1H NMR (400 MHz, CDCl3, 25 °C) of compound 17

Figure B-58 13C NMR (100 MHz, CDCl3, 25 °C) of compound 17
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Figure B-59 1H NMR (400 MHz, CDCl3, 25 °C) of compound 18a

Figure B-60 13C NMR (100 MHz, CDCl3, 25 °C) of compound 18a
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Figure B-61 1H NMR (400 MHz, CDCl3, 25 °C) of compound 18b

Figure B-62 13C NMR (100 MHz, CDCl3, 25 °C) of compound 18b
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Figure B-63 1H NMR (400 MHz, CDCl3, 25 °C) of compound 18c

Figure B-64 13C NMR (100 MHz, CDCl3, 25 °C) of compound 18c
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Figure B-65 1H NMR (400 MHz, CDCl3, 25 °C) of compound 18d

Figure B-66 13C NMR (100 MHz, CDCl3, 25 °C) of compound 18d
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Figure B-67 1H NMR (400 MHz, CDCl3, 25 °C) of compound 18e

Figure B-68 13C NMR (100 MHz, CDCl3, 25 °C) of compound 18e
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Figure B-69 1H NMR (400 MHz, CDCl3, 25 °C) of compound 18f

Figure B-70 13C NMR (100 MHz, CDCl3, 25 °C) of compound 18f
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Figure B-71 1H NMR (400 MHz, CDCl3, 25 °C) of compound 18g

Figure B-72 13C NMR (100 MHz, CDCl3, 25 °C) of compound 18g
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Figure B-73 1H NMR (400 MHz, CDCl3, 25 °C) of compound 18h

Figure B-74 13C NMR (100 MHz, CDCl3, 25 °C) of compound 18h
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Figure B-75 1H NMR (400 MHz, CDCl3, 25 °C) of compound 18i

Figure B-76 13C NMR (100 MHz, CDCl3, 25 °C) of compound 18i
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Figure B-77 1H NMR (400 MHz, CDCl3, 25 °C) of compound 18j

Figure B-78 13C NMR (100 MHz, CDCl3, 25 °C) of compound 18j
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Figure B-79 1H NMR (400 MHz, CDCl3, 25 °C) of compound 18k

Figure B-80 13C NMR (100 MHz, CDCl3, 25 °C) of compound 18k
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Figure B-81 1H NMR (400 MHz, CDCl3, 25 °C) of compound 18l

Figure B-82 13C NMR (100 MHz, CDCl3, 25 °C) of compound 18l
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Figure B-83 1H NMR (400 MHz, CDCl3, 25 °C) of compound 18m

Figure B-84 13C NMR (100 MHz, CDCl3, 25 °C) of compound 18m
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Figure B-85 1H NMR (400 MHz, CDCl3, 25 °C) of compound 18n

Figure B-86 13C NMR (100 MHz, CDCl3, 25 °C) of compound 18n
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Figure B-87 1H NMR (400 MHz, CDCl3, 25 °C) of compound 18o

Figure B-88 13C NMR (100 MHz, CDCl3, 25 °C) of compound 18o
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Figure B-89 1H NMR (400 MHz, CDCl3, 25 °C) of compound 18p

Figure B-90 13C NMR (100 MHz, CDCl3, 25 °C) of compound 18p
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Figure B-91 1H NMR (400 MHz, CDCl3, 25 °C) of compound 18q

Figure B-92 13C NMR (100 MHz, CDCl3, 25 °C) of compound 18q

330

Figure B-93 1H NMR (400 MHz, CDCl3, 25 °C) of compound 19a

Figure B-94 13C NMR (100 MHz, CDCl3, 25 °C) of compound 19a
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Figure B-95 1H NMR (400 MHz, CDCl3, 25 °C) of compound 19b

Figure B-96 13C NMR (100 MHz, CDCl3, 25 °C) of compound 19b
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Figure B-97 1H NMR (400 MHz, CDCl3, 25 °C) of compound 19c

Figure B-98 13C NMR (100 MHz, CDCl3, 25 °C) of compound 19c
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Figure B-99 1H NMR (400 MHz, CDCl3, 25 °C) of compound 19d

Figure B-100 13C NMR (100 MHz, CDCl3, 25 °C) of compound 19d
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Figure B-101 1H NMR (400 MHz, CDCl3, 25 °C) of compound 19e

Figure B-102 13C NMR (100 MHz, CDCl3, 25 °C) of compound 19e
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Figure B-103 1H NMR (400 MHz, CDCl3, 25 °C) of compound 19f

Figure B-104 13C NMR (100 MHz, CDCl3, 25 °C) of compound 19f
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Figure B-105 1H NMR (400 MHz, CDCl3, 25 °C) of compound 19g

Figure B-106 13C NMR (100 MHz, CDCl3, 25 °C) of compound 19f
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Figure B-107 1H NMR (400 MHz, CDCl3, 25 °C) of compound 19h

Figure B-108 13C NMR (100 MHz, CDCl3, 25 °C) of compound 19h
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Figure B-109 1H NMR (400 MHz, CDCl3, 25 °C) of compound 19i

Figure B-110 13C NMR (100 MHz, CDCl3, 25 °C) of compound 19i
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Figure B-111 1H NMR (400 MHz, CDCl3, 25 °C) of compound 19j

Figure B-112 13C NMR (100 MHz, CDCl3, 25 °C) of compound 19j
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Figure B-113 1H NMR (400 MHz, CDCl3, 25 °C) of compound 19k

Figure B-114 13C NMR (100 MHz, CDCl3, 25 °C) of compound 19k
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Figure B-115 1H NMR (400 MHz, CDCl3, 25 °C) of compound 19l

Figure B-116 13C NMR (100 MHz, CDCl3, 25 °C) of compound 19l
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Figure B-117 1H NMR (400 MHz, CDCl3, 25 °C) of compound 19m

Figure B-118 13C NMR (100 MHz, CDCl3, 25 °C) of compound 19m
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Figure B-119 1H NMR (400 MHz, CDCl3, 25 °C) of compound 19n

Figure B-120 13C NMR (100 MHz, CDCl3, 25 °C) of compound 19n
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Figure B-121 1H NMR (400 MHz, CDCl3, 25 °C) of compound 19o

Figure B-122 13C NMR (100 MHz, CDCl3, 25 °C) of compound 19o
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Figure B-123 1H NMR (400 MHz, CDCl3, 25 °C) of compound 19p

Figure B-124 13C NMR (100 MHz, CDCl3, 25 °C) of compound 19p
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Figure B-125 1H NMR (400 MHz, CDCl3, 25 °C) of compound 19q

Figure B-126 13C NMR (100 MHz, CDCl3, 25 °C) of compound 19q
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Figure B-127 1H NMR (400 MHz, CDCl3, 25 °C) of compound 20a

Figure B-128 13C NMR (100 MHz, CDCl3, 25 °C) of compound 20a
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Figure B-129 1H NMR (400 MHz, CDCl3, 25 °C) of compound 20b

Figure B-130 13C NMR (100 MHz, CDCl3, 25 °C) of compound 20b
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Figure B-131 1H NMR (400 MHz, CDCl3, 25 °C) of compound 20c

Figure B-132 13C NMR (100 MHz, CDCl3, 25 °C) of compound 20c
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Figure B-133 1H NMR (400 MHz, CDCl3, 25 °C) of compound 20d

Figure B-134 13C NMR (100 MHz, CDCl3, 25 °C) of compound 20d
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Figure B-135 1H NMR (400 MHz, CDCl3, 25 °C) of compound 20e

Figure B-136 13C NMR (100 MHz, CDCl3, 25 °C) of compound 20e
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Figure B-137 1H NMR (400 MHz, CDCl3, 25 °C) of compound 20f

Figure B-138 13C NMR (100 MHz, CDCl3, 25 °C) of compound 20f
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Figure B-139 1H NMR (400 MHz, CDCl3, 25 °C) of compound 20g

Figure B-140 13C NMR (100 MHz, CDCl3, 25 °C) of compound 20g
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Figure B-141 1H NMR (400 MHz, CDCl3, 25 °C) of compound 20h

Figure B-142 13C NMR (100 MHz, CDCl3, 25 °C) of compound 20h
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Figure B-143 1H NMR (400 MHz, CDCl3, 25 °C) of compound 20i

Figure B-144 13C NMR (100 MHz, CDCl3, 25 °C) of compound 20i
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Figure B-145 1H NMR (400 MHz, CDCl3, 25 °C) of compound 20j

Figure B-146 13C NMR (100 MHz, CDCl3, 25 °C) of compound 20j
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Figure B-147 1H NMR (400 MHz, CDCl3, 25 °C) of compound 20k

Figure B-148 13C NMR (100 MHz, CDCl3, 25 °C) of compound 20k

358

Figure B-149 1H NMR (400 MHz, CDCl3, 25 °C) of compound 20l

Figure B-150 13C NMR (100 MHz, CDCl3, 25 °C) of compound 20l
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Figure B-151 1H NMR (400 MHz, CDCl3, 25 °C) of compound 20m

Figure B-152 13C NMR (100 MHz, CDCl3, 25 °C) of compound 20m
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Figure B-153 1H NMR (400 MHz, CDCl3, 25 °C) of compound 20n

Figure B-154 13C NMR (100 MHz, CDCl3, 25 °C) of compound 20n
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Figure B-155 1H NMR (400 MHz, CDCl3, 25 °C) of compound 20o

Figure B-156 13C NMR (100 MHz, CDCl3, 25 °C) of compound 20o
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Figure B-157 1H NMR (400 MHz, CDCl3, 25 °C) of compound 20p

Figure B-158 13C NMR (100 MHz, CDCl3, 25 °C) of compound 20p
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Figure B-159 1H NMR (400 MHz, CDCl3, 25 °C) of compound 20q

Figure B-160 13C NMR (100 MHz, CDCl3, 25 °C) of compound 20q
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B.2

Rights and Permissions

Figure B -161 Permission for reprinted content found in Chapter 2
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C.1

1D and 2D NMR Spectra of PAHs

Table C-1 1H and 13C shifts of dibenzo[a,l]fluoranthene in CDCl3.

Position
1
2
3
4
4a
5
6
6a
6b
6c
7
8
9
9a
10
10a
11
12
13
14
14a
14b
14c
14d

C typea
CH
CH
CH
CH
Quat.
CH
CH
Quat.
Quat.
Quat.
CH
CH
CH
Quat.
CH
Quat.
CH
CH
CH
CH
Quat.
Quat.
Quat.
Quat.

13

 13C (ppm)b
127.55
125.83
125.09
129.30
135.04
128.19
119.87
136.88
136.88
130.54
121.57
127.25
127.95
127.46
129.20
135.53
130.82
124.79
127.10
126.98
129.17
134.03
137.04
130.01

 1H (ppm)b
8.89
7.64
7.53
7.98
–
7.91
8.13
–
–
–
8.09
7.68
8.04
–
8.54
–
8.16
7.51
7.66
8.98
–
–
–
–

a

HMBC correlations
H  C3, C4a, C14c
1
H  C4, C14d
1
H  C1, C4a
1
H  C2, C5, C14d
–
1
H  C4, C6a, C14d
1
H  C4a, C6b, C14c
–
–
–
1
H  C6a, C6c, C9
1
H  C6b, C9a
1
H  C6c, C7, C10
–
1
H  C6c, C9, C11, C14a
–
1
H  C10, C13, C14a
1
H  C10a, C14
1
H  C11, C14a
1
H  C10a, C12, C14b
–
–
–
–
1

Established from HSQC spectra. bThe 13C and 1H spectra were referenced to the resonances
from CDCl3 at 77.16 and 7.26 ppm, respectively.
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Figure C-1 1H NMR (400 MHz, CDCl3, 25 °C) of compound db[a,l]f

Figure C-2 13C NMR (100 MHz, CDCl3, 25 °C) of compound db[a,l]f
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Figure C-3 1H NMR (400 MHz, CDCl3, 25 °C, δ 7.2 - δ 9.2) of compound db[a,l]f

Figure C-4 13C NMR (100 MHz, CDCl3, 25 °C, δ 118 - δ 139) of compound db[a,l]f
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Figure C-5 COSY NMR (400 MHz, CDCl3, 25 °C) of compound db[a,l]f

Figure C-6 TOCSY NMR (400 MHz, CDCl3, 25 °C) of compound db[a,l]f

370

Figure C-7 HSQC NMR (400 MHz, CDCl3, 25 °C) of compound db[a,l]f

Figure C-8 HSQC NMR (400 MHz, CDCl3, 25 °C) of compound db[a,l]
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Table C-2 1H and 13C shifts of dibenzo[a,k]fluoranthene in CDCl3.

Position
1
2
3
4
4a
5
5a
5b
6
7
8
8a
8b
9
9a
10
11
12
13
13a
14
14a
14b
14c

C typea
CH
CH
CH
CH
Quat.
CH
Quat.
Quat.
CH
CH
CH
Quat.
Quat.
CH
Quat.
CH
CH
CH
CH
Quat.
CH
Quat.
Quat.
Quat.

13

 13C (ppm)b
124.56
127.37
125.23
130.70
134.69
126.95
128.45
134.01
126.63
127.66
118.89
136.95
137.74
120.47
132.71
128.72
126.16
126.26
129.15
133.92
122.75
138.80
131.46
128.60

 1H (ppm)b
8.89
7.72
7.55
8.15
–
8.43
–
–
7.98
7.67
8.03
–
–
8.37
–
7.95
7.52
7.53
8.02
–
8.72
–
–
–

a

HMBC correlations
H  C3, C4a, C14b
1
H  C4, C14c
1
H  C1, C4a
1
H  C2, C5, C14c
–
1
H  C4, C5b, C6, C14c
–
–
1

H  C5, C5a, C5b, C8
1
H  C5a, C8a
1
H  C5b, C6, C8b
–
–
1
H  C8a, 10, 13a, 14a
–
1
H  C9, C12, C13a
1
H  C9a, C13
1
H  C10, C13a
1
H  C9a, C11, C14
–
1
H  C8b, C9a, C13, C14b
–
–
–
1

Established from HSQC spectra. bThe 13C and 1H spectra were referenced to the resonances
from CDCl3 at 77.16 and 7.26 ppm, respectively.
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Figure C-9 1H NMR (400 MHz, CDCl3, 25 °C) of compound db[a,k]f

Figure C-10 13C NMR (100 MHz, CDCl3, 25 °C) of compound db[a,k]f
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Figure C-11 1H NMR (400 MHz, CDCl3, 25 °C) of compound db[a,k]f

Figure C-12 13C NMR (100 MHz, CDCl3, 25 °C) of compound db[a,k]f
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Figure C-13 COSY NMR (400 MHz, CDCl3, 25 °C) of compound db[a,k]f

Figure C-14 TOCSY NMR (400 MHz, CDCl3, 25 °C) of compound db[a,k]f
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Figure C-15 HSQC NMR (400 MHz, CDCl3, 25 °C) of compound db[a,k]f

Figure C-16 HMBC NMR (400 MHz, CDCl3, 25 °C) of compound db[a,k]f
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Table C-3 1H and 13C shifts of dibenzo[a,j]fluoranthene in CDCl3.

Position
1
2
3
4
4a
4b
4c
4d
5
6
7
7a
8
8a
9
10
11
12
12a
12b
12c
13
14
14a

C typea
CH
CH
CH
CH
Quat.
Quat.
Quat.
Quat.
CH
CH
CH
Quat.
CH
Quat.
CH
CH
CH
CH
Quat.
Quat.
Quat.
CH
CH
Quat.

13

 13C (ppm)b
129.30
125.15
127.12
124.25
130.84
133.45
127.51
130.14
125.04
127.56
127.56
137.68
128.46
134.59
130.82
124.81
127.79
124.20
129.62
131.32
139.14
122.37
128.53
133.19

 1H (ppm)b
7.94
7.47
7.58
8.70
–
–
–
−
8.45
7.64
7.94
–
8.37
–
8.07
7.48
7.62
8.75
–
–
–
8.47
7.86
–

a

HMBC correlations
H  C3, C4a, C14
1
H  C4, C14a
1
H  C1, C4a
1
H  C2, C4b, C14a
–
–
–
−
1
H  C4d, C7
1
H  C4c, C5, C7a
1
H  C4c, C4d, C5 C8
–
1
H  C4d, C7, C9, C12a
–
1
H  C8, C11, C12a
1
H  C8a, C12
1
H  C9, C12a
1
H  C8a, C10, C12a, C12b
–
–
–
1
H  C4a, C4b, C12b, C12c, C14a
1
H  C1, C4a, C12c
–
1

Established from HSQC spectra. bThe 13C and 1H spectra were referenced to the resonances
from CDCl3 at 77.16 and 7.26 ppm, respectively.
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Figure C-17 1H NMR (400 MHz, CDCl3, 25 °C) of compound db[a,j]f

Figure C-18 13C NMR (100 MHz, CDCl3, 25 °C) of compound db[a,j]f
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Figure C-19 1H NMR (400 MHz, CDCl3, 25 °C) of compound db[a,j]f

Figure C-20 13C NMR (100 MHz, CDCl3, 25 °C) of compound db[a,j]f
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Figure C-21 COSY NMR (400 MHz, CDCl3, 25 °C) of compound db[a,k]f

Figure C-22 TOCSY NMR (400 MHz, CDCl3, 25 °C) of compound db[a,k]f
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Figure C-23 HSQC NMR (400 MHz, CDCl3, 25 °C) of compound db[a,k]f

Figure C-24 HMBC NMR (400 MHz, CDCl3, 25 °C) of compound db[a,j]f
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Table C-4 1H and 13C shifts of naphtho[2,3-k]fluoranthene in CDCl3.

Position
1/6
2/5
3/4
3a
3b
6a/14b
6b/14a
7/14

C typea
CH
CH
CH
Quat.
Quat.
Quat.
Quat.
CH

13

 13C (ppm)b
118.83
128.45
126.14
131.11
136.75
137.15
137.90
120.30

 1H (ppm)b
8.04
7.69
7.85
–
–
–
–
8.47

7a/13a
8/13

Quat.
CH

131.95
127.36

–
8.50

8a/12a
9/12
10/11

Quat.
CH
CH

132.29
128.36
125.73

–
8.03
7.49

HMBC correlations
H  C3/4, C3b, C6b/14a
1
H  C3a, C6a/14b
1
H  C1/6, C3/4, C3b
–
–
–
–

1

H  C6a/14b, C6b/14a, C7a/13a,
C8/13
–
1
H  C7/14, C7a/13a, C8a/12a,
C9/12
–
1
H  C8a/12a, C10/11
1
H  C9/12

1

Established from HSQC spectra. bThe 13C and 1H spectra were referenced to the resonances
from CDCl3 at 77.16 and 7.26 ppm, respectively.
a
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Figure C-25 1H NMR (400 MHz, CDCl3, 25 °C) of compound n[2,3-k]f

Figure C-26 13C NMR (100 MHz, CDCl3, 25 °C) of compound n[2,3-k]f
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Figure C-27 1H NMR (400 MHz, CDCl3, 25 °C) of compound n[2,3-k]f

Figure C-28 13C NMR (100 MHz, CDCl3, 25 °C) of compound n[2,3-k]f

384

Figure C-29 COSY NMR (400 MHz, CDCl3, 25 °C) of compound n[2,3-k]f

Figure C-30 TOCSY NMR (400 MHz, CDCl3, 25 °C) of compound n[2,3-k]f
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Figure C-31 HSQC NMR (400 MHz, CDCl3, 25 °C) of compound n[2,3-k]f

Figure C-32 HMBC NMR (400 MHz, CDCl3, 25 °C) of compound n[2,3-k]f

386

Table C-5 1H and 13C shifts of naphtho[2,3-j]fluoranthene in CDCl3.

Position
1
2
3
3a
3b
4
5
5a
6
6a
7
8
9
10
10a
11
11a
11b
11c
11d
12
13
14
14a

C typea
CH
CH
CH
Quat.
Quat.
CH
CH
Quat.
CH
Quat.
CH
CH
CH
CH
Quat.
CH
Quat.
Quat.
Quat.
Quat.
CH
CH
CH
Quat.

13

 13C (ppm)b
127.65
127.89
121.27
137.29
137.15
119.81
128.79
132.40
127.78
131.26
128.26
125.40
125.88
128.37
132.46
122.60
129.00
133.74
138.01
131.61
124.46
128.21
127.11
129.40

 1H (ppm)b
8.01
7.64
7.87
–
–
8.03
8.03
–
8.48
–
8.00
7.47
7.52
8.10
–
9.20
–
–
–
–
8.62
7.75
7.89
–

HMBC correlations
H  C3, C11d, C14
1
H  C3a, C14a
1
H  C1, C3b, C11d
–
–
1
H  C3a, C5a, C11b
1
H  C3b, C6, C11a
–
1
H  C5, C7, C10a, C11a
–
1
H  C9, C10a
1
H  C6a, C10
1
H  C7, C10a
1
H  C6a, C8, C11
–
1
H  C5a, C6a, C10, C11b
–
–
–
–
1
H  C11b, C11d, C14
1
H  C11c, C14a
1
H  C1, C11d, C12
–
1

Established from HSQC spectra. bThe 13C and 1H spectra were referenced to the resonances
from CDCl3 at 77.16 and 7. 26 ppm, respectively.
a

387

Figure C-33 1H NMR (400 MHz, CDCl3, 25 °C) of compound n[2,3-j]f

Figure C-34 13C NMR (100 MHz, CDCl3, 25 °C) of compound n[2,3-j]f
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Figure C-35 1H NMR (400 MHz, CDCl3, 25 °C) of compound n[2,3-j]f

Figure C-36 13C NMR (100 MHz, CDCl3, 25 °C) of compound n[2,3-j]f
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Figure C-37 COSY NMR (400 MHz, CDCl3, 25 °C) of compound n[2,3-j]f

Figure C-38 TOCSY NMR (400 MHz, CDCl3, 25 °C) of compound n[2,3-j]f
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Figure C-39 HSQC NMR (400 MHz, CDCl3, 25 °C) of compound n[2,3-j]f

Figure C-40 HMBC NMR (400 MHz, CDCl3, 25 °C) of compound n[2,3-j]f

391

Table C-6 1H and 13C shifts of dibenzo[b,l]fluoranthene in CDCl3.

Position
1
2
3
4
4a
5
6
6a
6b
6c
7
8
9
9a
9b
10
11
12
13
13a
14
14a
14b
14c

C typea
CH
CH
CH
CH
Quat.
CH
CH
Quat.
Quat.
Quat.
CH
CH
CH
Quat.
Quat.
CH
CH
CH
CH
Quat.
CH
Quat.
Quat.
Quat.

13

 13C (ppm)b
124.35
127.27
125.39
129.55
134.03
129.14
119.82
139.48
137.22
132.01
119.88
128.13
122.03
127.20
130.68
123.07
127.47
126.91
130.70
134.36
126.11
135.96
133.16
130.90

 1H (ppm)b
8.76
7.66
7.50
7.92
–
7.86
7.99
–
–
–
7.96
7.72
8.41
–
–
8.62
7.70
7.64
8.08
–
8.64
–
–
–

a

HMBC correlations
H  C3, C4a, C14b
1
H  C4, C14c
1
H  C1, C4a
1
H  C2, C5, C14c
–
1
H  C4, C4a, C6a, C14c
1
H  C4a, C6a, C6b, C14b
–
–
–
1
H  C6a, C6c, C9
1
H  C6b, C9a
1
H  C6c, C7, C9b
–
–
1
H  C9a, C12, C13a
1
H  C9b, C13
1
H  C10, C13a
1
H  C9b, C11, C14
–
1
H  C6c, C9b, C13, C14b
–
–
–
1

Established from HSQC spectra. bThe 13C and 1H spectra were referenced to the resonances
from CDCl3 at 77.16 and 7.26 ppm, respectively.

392

Figure C-41 1H NMR (400 MHz, CDCl3, 25 °C) of compound db[b,l]f

Figure C-42 13C NMR (100 MHz, CDCl3, 25 °C) of compound db[b,l]f
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Figure C-43 1H NMR (400 MHz, CDCl3, 25 °C) of compound db[b,l]f

Figure C-44 13C NMR (100 MHz, CDCl3, 25 °C) of compound db[b,l]f
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Figure C-45 COSY NMR (400 MHz, CDCl3, 25 °C) of compound db[b,l]f

Figure C-46 TOCSY NMR (400 MHz, CDCl3, 25 °C) of compound db[b,l]f
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Figure C-47 HSQC NMR (400 MHz, CDCl3, 25 °C) of compound db[b,l]f

Figure C-48 HMBC NMR (400 MHz, CDCl3, 25 °C) of compound db[b,l]f
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Table C-7 1H and 13C shifts of dibenzo[b,k]fluoranthene in CDCl3.

Position
1
2
3
3a
3b
4
5
6
7
7a
8
8a
8b
9
9a
10
11
12
13
13a
14
14a
14b
14c

C typea
CH
CH
CH
Quat.
Quat.
CH
CH
CH
CH
Quat.
CH
Quat.
Quat.
CH
Quat.
CH
CH
CH
CH
Quat.
CH
Quat.
Quat.
Quat.

13

 13C (ppm)b
119.47
128.59
121.81
128.18
130.60
123.31
127.07
127.07
130.26
134.28
120.55
135.08
137.13
120.92
133.55
128.92
126.34
126.14
128.83
133.90
120.05
138.84
137.13
134.67

 1H (ppm)b
8.09
7.81
8.49
–
–
8.67
7.70
7.65
8.06
–
8.29
–
–
8.42
–
7.97
7.50
7.52
7.95
–
8.32
–
–
–

a

HMBC correlations
H  C3, C14a, C14c
1
H  C3a, C14b
1
H  C1, C3b, C14c
–
–
1
H  C3a, C6, C7a
1
H  C3b, C7
1
H  C4, C7a
1
H  C3b, C5, C8
–
1
H  3b, C7, C7a, C8b, C14c
–
–
1
H  C8a, C10, C13a, C14a
–
1
H  C9, C12, C13a
1
H  C9a, C13
1
H  C10, C13a
1
H  C9a, C11, C14
–
1
H  C8b, C9a, C13, C14b
–
–
–
1

Established from HSQC spectra. bThe 13C and 1H spectra were referenced to the resonances
from CDCl3 at 77.16 and 7.26 ppm, respectively.
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Figure C-49 1H NMR (400 MHz, CDCl3, 25 °C) of compound db[b,k]f

Figure C-50 13C NMR (100 MHz, CDCl3, 25 °C) of compound db[b,k]f

398

Figure C-51 1H NMR (400 MHz, CDCl3, 25 °C) of compound db[b,k]f

Figure C-52 13C NMR (100 MHz, CDCl3, 25 °C) of compound db[b,k]f
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Figure C-53 COSY NMR (400 MHz, CDCl3, 25 °C) of compound db[b,k]f

Figure C-54 TOCSY NMR (400 MHz, CDCl3, 25 °C) of compound db[b,k]f

400

Figure C-55 HSQC NMR (400 MHz, CDCl3, 25 °C) of compound db[b,k]f

Figure C-56 HMBC NMR (400 MHz, CDCl3, 25 °C) of compound db[b,k]f

401

Table C-8 1H and 13C shifts of dibenzo[b,j]fluoranthene in CDCl3.

Position
1
2
3
4
4a
5
6
6a
6b
6c
7
7a
8
9
10
11
11a
11b
12
13
14
14a
14b
14c

C typea
CH
CH
CH
CH
Quat.
CH
CH
Quat.
Quat.
Quat.
CH
Quat.
CH
CH
CH
CH
Quat.
Quat.
CH
CH
CH
Quat.
Quat.
Quat.

13

 13C (ppm)b
124.51
127.09
125.66
129.44
134.45
128.38
120.05
136.74
135.40
132.01
122.53
134.09
130.36
126.95
127.36
123.33
131.24
127.34
123.22
128.49
121.64
137.91
135.95
130.53

 1H (ppm)b
8.73
7.63
7.51
7.94
–
7.86
8.08
–
–
–
8.24
–
8.03
7.62
7.69
8.65
–
–
8.44
7.79
8.44
–
–
–

HMBC correlations
H  C3, C4a, C14b
1
H  C4, C14c
1
H  C1, C4a
1
H  C2, C5, C14c
–
1
H  C4, C6, C6a, C14c
1
H  C4a, C5, C6b, C14b
–
–
–
1
H  C6a, C6c, C7a, C8, C11a
–
1
H  C7, C10, C11a
1
H  C7a, C11
1
H  C8, C11a
1
H  C7a, C9, C11b
–
–
1
H  C6c, C11a, C11b, C13, C14
1
H  C11b, C14a
1
H  C6c, C12, C13, C14a, C14b
–
–
–
1

Established from HSQC spectra. bThe 13C and 1H spectra were referenced to the resonances
from CDCl3 at 77.16 and 7.26 ppm, respectively.
a

402

Figure C-57 1H NMR (400 MHz, CDCl3, 25 °C) of compound db[b,j]f

Figure C-58 13C NMR (100 MHz, CDCl3, 25 °C) of compound db[b,j]f
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Figure C-59 1H NMR (400 MHz, CDCl3, 25 °C) of compound db[b,j]f

Figure C-60 13C NMR (100 MHz, CDCl3, 25 °C) of compound db[b,j]f
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Figure C-61 COSY NMR (400 MHz, CDCl3, 25 °C) of compound db[b,j]f

Figure C-62 TOCSY NMR (400 MHz, CDCl3, 25 °C) of compound db[b,j]f
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Figure C-63 HSQC NMR (400 MHz, CDCl3, 25 °C) of compound db[b,j]f

Figure C-64 HMBC NMR (400 MHz, CDCl3, 25 °C) of compound db[b,j]f

406

Table C-9 1H and 13C shifts of dibenzo[j,l]fluoranthene in CDCl3.

Position
1/8
2/7
3/6
4/5
4a/4b
8a/14c
8b/14b
8c/14a
8d
9/14
10/13
11/12
11a

C typea
CH
CH
CH
CH
Quat.
Quat.
Quat.
Quat.
Quat.
CH
CH
CH
Quat.

13

 13C (ppm)b
125.13
127.36
126.38
123.81
131.07
130.01
133.96
137.98
132.13
125.13
128.10
127.73
129.54

 1H (ppm)b
8.91
7.74
7.69
8.79
–
–
–
–
–
8.55
7.70
7.89
–

HMBC correlations
H  C3/6, C4a/4b, C8b/14b
1
H  C4/5, C8a/14c
1
H  C1/8, C4a/4b
1
H  C2/7, C4a/4b, C8a/14c
–
–
–
–
–
1
H  C8b/14b, C8d, C11/12
1
H  C8c/14a, C11/12, C11a
1
H  C8d, C9/14, C11/12
–
1

Established from HSQC spectra. bThe 13C and 1H spectra were referenced to the resonances
from CDCl3 at 77.16 and 7.26 ppm, respectively.
a

407

Figure C-65 1H NMR (400 MHz, CDCl3, 25 °C) of compound db[j,l]f

Figure C-66 13C NMR (100 MHz, CDCl3, 25 °C) of compound db[j,l]f\

408

Figure C-67 1H NMR (400 MHz, CDCl3, 25 °C) of compound db[j,l]f

Figure C-68 13C NMR (100 MHz, CDCl3, 25 °C) of compound db[j,l]f

409

Figure C-69 COSY NMR (400 MHz, CDCl3, 25 °C) of compound db[j,l]f

Figure C-70 TOCSY NMR (400 MHz, CDCl3, 25 °C) of compound db[j,l]f

410

Figure C-71 HSQC NMR (400 MHz, CDCl3, 25 °C) of compound db[j,l]f

Figure C-72 HMBC NMR (400 MHz, CDCl3, 25 °C) of compound db[j,l]f
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Table C-10 1H and 13C shifts of naphtho[1,2-j]fluoranthene in C6D6.

Position
1
2
3
4
4a
5
6
6a
7
8
8a
8b
8c
9
10
11
11a
12
13
14
14a
14b
14c
14d

C typea
CH
CH
CH
CH
Quat.
CH
CH
Quat.
CH
CH
Quat.
Quat.
Quat.
CH
CH
CH
Quat.
CH
CH
CH
Quat.
Quat.
Quat.
Quat.

13

 13C (ppm)b
128.06
125.14
127.44
128.06
133.83
126.58
128.06
133.90
128.73
120.45
140.04
137.41
132.97
120.64
128.06
128.06
130.52
127.51
128.06
124.59
139.17
135.74
129.91
130.69

 1H (ppm)b
9.54
7.29
7.38
7.68
–
7.45
7.50
–
7.56
7.84
–
–
–
7.70
7.36
7.60
–
7.55
7.26
8.75
–
–
–
–

HMBC correlations
H  C3, C4a, C14c
1
H  C4, C14d
1
H  C1, C4a
1
H  C2, C5, C14d
–
1
H  C4, C6a, C14d
1
H  C4a, C7, C14c
–
1
H  C6, C8a, C14c
1
H  C6a, C8b, C14b
–
–
–
1
H  C8a, C8c, C11
1
H  C8b, C11a
1
H  C8c, C9, C12
–
1
H  C8c, C11, C14
1
H  C11a, C14a
1
H  C8c, C12, C14b
–
–
–
–
1

Established from HSQC spectra. bThe 13C and 1H spectra were referenced to the resonances
from C6D6 at 128.06 and 7.16 ppm, respectively.
a

412

Figure C-73 1H NMR (400 MHz, CDCl3, 25 °C) of compound n[1,2-j]f

Figure C-74 13C NMR (100 MHz, CDCl3, 25 °C) of compound n[1,2-j]f
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Figure C-75 1H NMR (400 MHz, CDCl3, 25 °C) of compound n[1,2-j]f

Figure C-76 13C NMR (100 MHz, CDCl3, 25 °C) of compound n[1,2-j]f

414

Figure C-77 1H NMR (400 MHz, C6D6, 25 °C) of compound n[1,2-j]f

Figure C-78 13C NMR (100 MHz, C6D6, 25 °C) of compound n[1,2-j]f

415

Figure C-79 1H NMR (400 MHz, C6D6, 25 °C) of compound n[1,2-j]f

Figure C-80 13C NMR (100 MHz, C6D6, 25 °C) of compound n[1,2-j]f

416

Figure C-81 COSY NMR (400 MHz, C6D6, 25 °C) of compound n[1,2-j]f

Figure C-82 TOCSY NMR (400 MHz, C6D6, 25 °C) of compound n[1,2-j]f

417

Figure C-83 HSQC NMR (400 MHz, C6D6, 25 °C) of compound n[1,2-j]f

Figure C-84 HMBC NMR (400 MHz, C6D6, 25 °C) of compound n[1,2-j]f

418

Table C-11 1H and 13C shifts of naphtho[2,1-j]fluoranthene in CDCl3.

Position
1
2
3
4
4a
4b
5
6
6a
6b
6c
7
8
9
9a
10
11
12
12a
12b
12c
13
14
14a

C typea
CH
CH
CH
CH
Quat.
Quat.
CH
CH
Quat.
Quat.
Quat.
CH

13

CH
CH
Quat.
CH
CH
CH
Quat.
Quat.
Quat.
CH
CH
Quat.

 13C (ppm)b
128.84
126.65
127.12
123.22
131.25
130.66
122.69
120.11
138.40
137.01
132.63
120.77

 1H (ppm)b
7.93
7.61
7.70
8.74
–
–
8.76
8.21
–
–
–
8.07

HMBC correlations
H  C3, C4a, C14
1
H  C4, C14a
1
H  C1, C4a
1
H  C2, C4b, C14a
–
–
1
H  C4a, C6a, C12c
1
H  C4b, C6b, C12b
–
–
–
1
H  C6a, C6c, C9

128.07
127.42
129.99
127.07
128.37
124.34
137.97
135.29
129.34
123.15
128.30
131.71

7.67
7.88
–
7.91
7.74
8.51
–
–
–
8.70
7.89
–

H  C6b, C9a
H  C6c, C7, C8, C10
–
1
H  C6c, C9, C12
1
H  C9a, C12a
1
H  C6c, C10, C12b
–
–
–
1
H  C4b, C12b, C12c, C14a
1
H  C1, C4a, C12c
–

1

1

1

Established from HSQC spectra. bThe 13C and 1H spectra were referenced to the resonances
from CDCl3 at 77.16 and 7.26 ppm, respectively.
a

419

Figure C-85 1H NMR (400 MHz, CDCl3, 25 °C) of compound n[2,1-j]f

Figure C-86 13C NMR (100 MHz, CDCl3, 25 °C) of compound n[2,1-j]f

420

Figure C-87 1H NMR (400 MHz, CDCl3, 25 °C) of compound n[2,1-j]f

Figure C-88 13C NMR (100 MHz, CDCl3, 25 °C) of compound n[2,1-j]f

421

Figure C-89 COSY NMR (400 MHz, CDCl3, 25 °C) of compound n[2,1-j]f

Figure C-90 TOCSY NMR (400 MHz, CDCl3, 25 °C) of compound n[2,1-j]f

422

Figure C-91 HSQC NMR (400 MHz, CDCl3, 25 °C) of compound n[2,1-j]f

Figure C-92 HMBC NMR (400 MHz, CDCl3, 25 °C) of compound n[2,1-j]f
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Table C-12 1H and 13C shifts of naphtho[1,2-k]fluoranthene in CD2Cl2.

Position
1
2
3
3a
3b
4
5
6
6a
6b
7
7a
8
9
9a
10
11
12
13
13a
13b
14
14a
14b

C typea
CH
CH
CH
Quat.
Quat.
CH
CH
CH
Quat.
Quat.
CH
Quat.
CH
CH
Quat.
CH
CH
CH
CH
Quat.
Quat.
CH
Quat.
Quat.

13

 13C (ppm)b
120.21
128.81
127.05
130.93
135.03
127.06
128.78
120.32
137.13
138.66
121.64
132.56
128.14
127.44
132.90
129.17
127.11
127.22
123.28
131.39
130.54
115.87
138.77
137.49

 1H (ppm)b
8.18
7.73
7.92
–
–
7.90
7.72
8.10
–
–
8.41
–
7.88
7.80
–
7.95
7.64
7.75
8.87
–
–
9.24
–
–

HMBC correlations
H  C3, C3b, C14a
1
H  C3a, C14b
1
H  C1, C2, C3b, C4
–
–
1
H  C3, C3b, C5, C6
1
H  C3a, C6a
1
H  C3b, C4, C6b
–
–
1
H  C6a, C8, C13b, C14a
–
1
H  C7, C9a, C13b
1
H  C7a, C10, C13a
–
1
H  C9, C12, C13a
1
H  C9a, C13
1
H  C10, C13a
1
H  C9a, C11, C13b
–
–
1
H  C6b, C7a, C13a, C14b
–
–
1

Established from HSQC spectra. bThe 13C and 1H spectra were referenced to the resonances
from CD2Cl2 at 54.00 and 5.32 ppm, respectively.
a

424

Figure C-93 1H NMR (400 MHz, CDCl3, 25 °C) of compound n[1,2-k]f

Figure C-94 13C NMR (100 MHz, CDCl3, 25 °C) of compound n[1,2-k]f

425

Figure C-95 1H NMR (400 MHz, CDCl3, 25 °C) of compound n[1,2-k]f

Figure C-96 13C NMR (100 MHz, CDCl3, 25 °C) of compound n[1,2-k]f
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Figure C-97 1H NMR (400 MHz, CD2Cl2, 25 °C) of compound n[1,2-k]f

Figure C-98 13C NMR (100 MHz, CD2Cl2, 25 °C) of compound n[1,2-k]f

427

Figure C-99 1H NMR (400 MHz, CD2Cl2, 25 °C) of compound n[1,2-k]f

Figure C-100 13C NMR (100 MHz, CD2Cl2, 25 °C) of compound n[1,2-k]f

428

Figure C-101 COSY NMR (400 MHz, CD2Cl2, 25 °C) of compound n[1,2-k]f

Figure C-102 TOCSY NMR (400 MHz, CD2Cl2, 25 °C) of compound n[1,2-k]f

429

Figure C-103 HSQC NMR (400 MHz, CD2Cl2, 25 °C) of compound n[1,2-k]f

Figure C-104 HMBC NMR (400 MHz, CD2Cl2, 25 °C) of compound n[1,2-k]f

430

C.2

Absorption and Emission Spectroscopy

Figure C-105 Absorption and emission spectra of db[a,l]f in heptane.
.

Figure C-106 Absorption and emission spectra of db[a,k]f in heptane

431

.

Figure C-107 Absorption and emission spectra of db[a,j]f in heptane

Figure C-108 Absorption and emission spectra of n[2,3-k]f in heptane.
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Figure C-109 Absorption and emission spectra of n[2,3-j]f in heptane.

Figure C-110 Absorption and emission spectra of db[b,l]f in heptane.

433

Figure C-111 Absorption and emission spectra of db[b,k]f in heptane.

Figure C-112 Absorption and emission spectra of db[b,j]f in heptane.
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Figure C-113 Absorption and emission spectra of db[j,l]f in heptane.

Figure C-114 Absorption and emission spectra of n[1,2-j]f in heptane.

435

Figure C-115 Absorption and emission spectra of n[2,1-j]f in heptane.

Figure C-116 Absorption and emission spectra of n[1,2-k]f in heptane.

436

Table C-13 Tabulated spectroscopic values for all PAHs in heptane.
PAH

λ𝑣𝑖𝑠
𝑚𝑎𝑥 (nm)

-1
-1
ε𝑣𝑖𝑠
𝑚𝑎𝑥 (mM cm )

λex (nm)

λfluo
max (nm)

ΦF

Stokes Shift
(cm-1)

Optical Gap
(eV)

db[a,l]f

446

7.2 ± 0.2

421

610

0.00078 ± 0.0001

6188

2.69

db[a,k]f

469

16.7 ± 0.2

437

471

0.52 ± 0.03

91

2.61

db[a,j]f

449

13.1 ± 0.8

424

603

0.00088 ± 0.00007

5763

2.67

n[2,3-k]f

439

26.9 ± 0.5

413

440

0.58 ± 0.04

52

2.80

n[2,3-j]f

407

12.7 ± 0.5

359

520

0.023 ± 0.002

5339

2.50

db[b,l]f

383

10.8 ± 0.4

383

482

0.16 ± 0.009

5295

3.16

db[b,k]f

400

16 ± 1

375

401

0.73 ± 0.05

62

3.07

db[b,j]f

381

14.5 ± 0.6

362

486

0.10 ± 0.006

5628

3.20

db[j,l]f

397

6.9 ± 0.2

380

536

0.032 ± 0.004

6538

3.09

n[1,2-j]f

408

4.21 ± 0.09

390

496

0.14 ± 0.01

4389

2.88

n[2,1-j]f

405

9.0 ± 0.1

385

483

0.14 ± 0.008

3969

2.98

n[1,2-k]f

405

13.6 ± 0.2

385

410

0.65 ± 0.04

301

2.99

C.3

Cyclic Voltammetry

Figure C-117 Cyclic voltammogram of db[a,l]f

437

Figure C-118 Cyclic voltammogram of db[a,k]f

Figure C-119 Cyclic voltammogram of db[a,j]f
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Figure C-120. Cyclic voltammogram of n[2,3-k]f

Figure C-121 Cyclic voltammogram of n[2,3-j]f
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Figure C-122 Cyclic voltammogram of db[b,l]f

Figure C-123 Cyclic voltammogram of db[b,k]f
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Figure C-124 Cyclic voltammogram of db[b,j]f

Figure C-125 Cyclic voltammogram of db[j,l]f
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Figure C-126 Cyclic voltammogram of n[1,2-j]f

Figure C-127 Cyclic Voltammogram of n[2,1-j]f
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Figure C-128 Cyclic Voltammogram of n[1,2-k]f
Table C-14 Tabulated electrochemical values for all PAHs in CH2Cl2.
𝑔𝑎𝑝

PAH

ox
E1/2
(eV) [a]

𝑟𝑒𝑑
E1/2
(eV) [a]

E𝑐ℎ𝑒𝑚 (eV) [a]

Optical Gap (eV)

HOMO (eV) [b]

LUMO (eV) [b]

db[a,l]f

0.71

-1.85

2.56

2.69

-5.51

-2.82

db[a,k]f

0.67

-2.01

2.68

2.61

-5.47

-2.86

db[a,j]f

0.76

-1.79

2.55

2.67

-5.56

-2.89

n[2,3-k]f

0.69

-

-

2.80

-5.49

-2.69

n[2,3-j]f

0.63

-1.95

2.58

2.50

-5.43

-2.93

db[b,l]f

0.93

-2.12

3.06

3.16

-5.73

-2.57

db[b,k]f

0.92

-

-

3.07

-5.72

-2.65

db[b,j]f

0.99

-2.11

3.10

3.20

-5.79

-2.59

db[j,l]f

0.79

-2.06

2.85

3.09

-5.59

-2.50

n[1,2-j]f

1.08

-2.06

3.14

2.88

-5.88

-3.00

n[2,1-j]f

1.03

-2.08

3.11

2.98

-5.83

-2.85

n[1,2-k]f

0.98

-

-

2.99

-5.78

-2.79

[a]

vs. FeCp2+/FeCp2 in 0.1 M TBAPF6 CH2Cl2 [b]vs vacuum
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Figure C-129 Permission for reprinted content found in Chapter 3
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Figure D-1 Permission for reprint of Figure 4-16.
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E.1

1D NMR of Ferrocenyl PEPEP Linkers and Precursors

Figure E-1 1H NMR (400 MHz, CDCl3, 25 °C) of compound 12

Figure E-2 13C NMR (100 MHz, CDCl3, 25 °C) of compound 12
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Figure E-3 1H NMR (400 MHz, CDCl3, 25 °C) of compound 40

Figure E-4 13C NMR (100 MHz, CDCl3, 25 °C) of compound 40
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Figure E-5 1H NMR (400 MHz, CDCl3, 25 °C) of compound 41

Figure E-6 13C NMR (100 MHz, CDCl3, 25 °C) of compound 41
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Figure E-7 1H NMR (400 MHz, CDCl3, 25 °C) of compound 42

Figure E-8 13C NMR (100 MHz, CDCl3, 25 °C) of compound 42
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Figure E-9 1H NMR (400 MHz, CDCl3, 25 °C) of compound 43

Figure E-10 13C NMR (100 MHz, CDCl3, 25 °C) of compound 43
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Figure E-11 1H NMR (400 MHz, CDCl3, 25 °C) of compound Fc1-hex

Figure E-12 13C NMR (100 MHz, CDCl3, 25 °C) of compound Fc1-hex
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Figure E-13 1H NMR (400 MHz, CDCl3, 25 °C) of compound Fc2-hex

Figure E-14 13C NMR (100 MHz, CDCl3, 25 °C) of compound Fc2-hex
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Figure E-15 1H NMR (400 MHz, DMSO-d6, 25 °C) of compound Fc1-link

Figure E-16 13C NMR (100 MHz, DMSO-d6, 25 °C) of compound Fc1-link
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Rights and Permissions

Figure E-17 Permission for reprint of Figure 5-10
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